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C.  S?=SCT  G?  ALLOYIKG  OS  rSLSASILlSy 


Piisicn  — eidirib  of  steel,  raich  is  the  cost  widespread  cethod  at  the  pres¬ 
ent  tire,  ecbodies  so  cany  oonpiex  processes  which  depend  hoth  on  the  steel 
-tseif  and  the  characteristics  of  the  welded  structure,  and  on  the  welding 
conditions,  anong  other  things,  that  thus  far  there  is  not  even  a  unified  def¬ 
inition  of  weldability  flar  exaaple,  65^.  iielded  structures  of  low-alloy 
structural  steels  nust,  in  the  vast  najority  of  cases,  not  he  subjected  to 
subsequent  heat  treatnent  for  techni  cai  or  economic  reasons.  In  this  case 
weldability  should  be  nsderstood  to  cean  the  possibility  of  obtaining  a  weld- 
.ea  joint  which  is  not  inferior,  or  only  slif^tly  inferior,  in  strength  to  the 
base  netal,  si  n1  Tap  change  in  the  properties  of  the  base  setal  in  the  seas, 
zone,  i«  e«,  the  zone  of  themal  action  of  the  weld,  and  absence  of  cracks  in 
the  seaa  and  seas  zone* 

?or  evaluation  of  tha  veldahility  of  steel,  aetbods  have  now  been  devel¬ 
oped  for  all-xcnnd  testing  of  the  weld  joint,  including  deteraination  of  its 
tendenqr  toward  brittle  failaze,  nieh  is  now  considered  conpclsazy  both  at 
bone  and  abroad  ^651,  66^ •  ISethode  of  bigh'>^eed  testing  (including  testing 
uith  as  explosive  wave  in  contact  ei^losion)  have  been  widely  developed  of 
late  as  an  additional  cbaxacteziatic  of  the  strength  of  a  welded  joint,  par¬ 
ticularly  for  steel  oploycd  in  ehisbuilding.  For  evaluation  cf  the  tendency 
veld  netsl  to  the  foxcstion  of  hot  cracks,  Hethods  have  also  been  develosed 
consist  in  static  or  dyasBic  aechanical  action  on  a  speciaen  while  it 
is  being  welded  ^5^. 

criteria  referred  to  ebove  of  good  weldabili'^  cf  steel,  obtaining 
a  welded  joint  ^ch  is  not  inferior,  or  very  slightly  inferior,  in  strength 
to  the  base  netal,  is  achieved  at  the  present  tine  chiefly  by  "welding"  neth- 
odss  selection  of  the  electrodes,  welding  conditions,  and  the  like.  Thus, 
the  nost  insortant  criteria  of  weldabili'^,  which  are  greatly  affected  by  the 
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c3E.sosizior.,  ar»d  tc  a  certain  extent  by  the  initial  structure  Oi  the  stu-el, 
include  change  in  the  properties  of  the  base  setaj.  in  the  ueld  none  ssd  the 
probability  of  occurrence  of  xeid  cracks. 

Deterioration  of  the  properties  in  the  weld  zone  is  related  to  tto  cir— 
cunstances:  (l)  to  the  possibility  of  obtaining  netastable  structures  in  the 
process  of  cooling  after  ueldingi  and  consecuently*  the  hardenability  of  »hc 
steel  in  terns  of  depth  and  distribution  of  hardness  induced  by  quenching; 

(2)  to  coarsening  of  the  grain  in  the  raid  none  in  ueld  heating.  In  re.lded 
Joints  of  considerable  thickness^  the  coding  rate  in  the  veld  zone  or  individu¬ 
al  points  in  it  nay  exceed  the  critical  cooling  rate  of  the  steel  in  question, 
as  a  result  c  ~  shich  nartensitic  regions  say  occur  in  the  veld  zone,  particu¬ 
larly  in  the  case  of  a  single-layer  seas.  Eiis  has  in  fact  been  noted  by  a 
nunber  of  investigators.  Brittle  failure  cay  be  observed  in  steels  in  vhicn 
sore  sartensite  foms  or  in  zhicb  tho  latter  possesses  a  hi^er  hardness,  vhen 
the  raided  Joint  is  subjected  to  bend  testing. 

?he  danger  of  cscurrence  of  cold  cracks  cr  residual  stresses  in  the  velded 
Joint  in  the  sane  steel  also  depends  on  the  "veldiag"  factors  nnd  nay  be  pre¬ 
vented  to  a  large  extent  b?  regalBtir*g  then  {Ssz  exasple,  395/»  Eovever,  a 
proninent  part  in  the  occurrence  of  cold  cracks  and  residual  stresses  is  pleyed 
by  the  structural  transfemations  in  the  steel  in  the  process  of  cooling  after 
rslding  and  by  the  tenperature  ranges  in  vhich  these  transforaations  take  place, 
and  this  in  turn  is  also  related  to  a  great  eztentr  to  the  hardensMIity  of  the 
steel.  In  particuisr,  obtaining  nartensitic  regions  in  the  velded  Joint  vi’.l 
also  reinforce  the  residual  stresses  and  the  danger  of  occurrence  of  cracks. 
Coarsening  of  tne  grain  in  teld  heating  will  have  an  effect  in  the  sane  direc¬ 
tion,  both  directly  and  indirectly,  due  to  increase  in  the  hardenability  of 
the  steel.  Sius,  although  deterioration  of  the  properties  of  the  veld  zone 
and  the  fomation  of  cold  cracks  are,  generally  speaking,  determined  by  dif¬ 
ferent  factors,  these  tuo  effects  sost  often  acconpany  each  other,  under  tiso 
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ii.fiuer.ce  of  alloying  as  -^ell. 

The  arintiple  rhich  should  govern  the  ei'feca  of  the  elenents  on  ths  '5eld~ 
ability  of  steel  foilotrs  frots  ths  foregoiiis*  Indeed,  since  vs  aust  concern 
ourse_?es  tith  the  change  in  hardness  and  other  nechanicai  prcpertaes,  and 
since  this  change  is  related  to  the  possibility  of  obtaining  aartensi te  in 
the  none  subjected  to  heating  to  a  hi^  teapersture  and  subrecuant  rapid  cool¬ 
ing,  the  part  played  by  the  alloying  elesents  and  carbon  cont;.ined  in  tee 
atccl  in  the  neldability  zaxst  be  the  sese  os  in  tli«  ease  of  ^uenihing  of  the 
steel. 

In  the  event  of  full  eolation  of  all  the  phaaes  ard  the  fetsation  of 
hocogeneous  nstenitet  vhich  occara  in  veldiisg  sine  to  the  vezy  bifiji  heating 
teaperatuscy  the  .laxtaaa  herdneaa  obtained  after  quenehiag,  or  prsperly  apeak- 
ing  tiui  hsTdencbility*  aost  depe;Ki  ehiefl*  only  on  tl:e  cxrhon  eontant  of  the 
steel,  rhile  the  pr-aenee  of  allaying  elanenta  in  It  aarely  faeilitataa  sdtieve- 


cent  of  eaxlcBa  hardness.  1Sa!i  raaalts  obtained  in  a  lunher  of  atndles  eea- 
fim  the  Ts.it  that  In  the  eaeo  of  vellisg  the  eaxiaan  hrirdnaao  of  the  ateel 
i»  nlso  det^caicad  only  by  it*  carbon  eontaat.  2ho  ea::£bim  aXco  favors  taoroaeo 
in  tho  aaotmt  of  aorteneltot  by  love^g  tho  eritleal  cooling  rat#  in  feeaeb.* 


li  follQvs  that  froa  the  standpoint  of  weldability  earoon  ia  cam  of  the 
■oat  haxnfcl  elosents  is  Ste^.  Xhie  is  tho  tlxizd  *5ixcaaataneo  is  aiiaber» ' 
bat  thy  first  in  ce^'ee  of  Opertanee,  Units  tho  poaaibillly  Of  naitig 

eerhoB  as  a  strezgtscsitg  elaadnt  ia  lov-olloy  stf.ti.a  not  aabjastod  to  refin¬ 
ing.  In  these  steels^  a«  to  retain  the  good  *xldabili'^»  the  eerbon  con¬ 
tent  is  necally  0.001— and  met  not  eseead  O»209(  if  it  is  impos¬ 
sible  piior  to  welding  to  preheat  the  welded  elenente  end  after  welding  to  ry- 
lieve  thv  stresses  and  iaprove  the  pleatie  properties  by  heat  txeatawt. 

Hhe  alloying  clenects,  by  lowering  the  critisal  cooling  rato»  eontribeto 
to  the  occurrence  of  uurtensite  in  the  welding  of  relatively  thin-icnll«d 
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ot-ractures  in  trhich  xfce  cooling  ra^a  is  ioa«r.  Thus,  s.z  ^he  saicicua  thick¬ 
ness  o-  reide^  eleneats  of  lo^-alloy  steels  oi  increased  strength  encountered 
unaer  practical  conaition'j,  the  co-jling  rate  of  the  seas  zone  is  50  *0  pO  de¬ 
grees  per  second,  i.  e.,  nach  laser  than  the  critical  cooling  rate  for  carhon 
steel,  even  tllat  ritn  a  high  cas-hon  content*  On  the  other  hand,  if  alloying 
ereren'-s  are  r-rccei.t  in.  the  steal,  a  cooling  rats  of  50  to  50  degrees  per 
second  aay  prove  to  te  near,  •caal  to,  or  even  greater  than  the  critical  rate. 

Hence,  the  effect  of  a  given  alloying  elercnt  on  the  seldability  of  steel, 
other  conditions  being  eqtuil,  =ust  be  the  greater,  the  xore  greatly  does  this 
eicnent  increase  tr.f  hardenahility  cf  the  steel  /see  also  50^.  In  accord¬ 
ance  sith  the  valuci  of  the  conversion  factors  for  cardenabili'^  given 
page  lol,  the  least  deterioration  of  the  veldahill'^  of  steel  ^onld  he  caused 
oy  nickel,  copper,  •flicon,  ■hlle  sanganese,  ehzoaiiia,  aolybdemm  should 
have  the  greatest  e  .*eet  la  this  direction  (each  elerant  hairg  present  in  the 
steel  separately};  .xis  is  confixaed  in  the  sain  Ijy  c^^axiaaats* 

Sicilar  feetozj  say  he  fcand  azpericcntally  to  dotexeisa  tha  qnantitative 
effect  of  alloying  slenents  os  the  mldahili^  of  steel.  Pttr  this  purpose, 
use  nay  be  node  in  the  first  approxisatiem  of  tho  Joaiiqr  aothod,  idiich  per- 
sits  finding  the  i.-errelation  hetecen  hardness  and  cooling  rate  over  a  side 
range,  if  the  velcisility  is  to  he  evaluated  enly  on  the  ^asie  ef  increase 

in  hardness  and  n-t  on  the  basis  of  change  in  the  neebanieal  piropertiesl  Thus, 

1  2 

for  exasple,  in  o  r  studies  the  end  q[aench  cethod  eas  used  for  studying 
the  effect  of  sU  .<■  n,  nangause,  end  chxoeiun  on  the  veldahili^  of  steel 
cith  two  carhon  Cf  ent  iovelss  0.15-0.17%  and  0.21-0,25%.  k  parallel  study 
vas  also  nase  of  i:  t  increese  in  hardness  iFusdiately  In  the  seen  vone 

^n  collahoratici  vii.h  X.  T.  Petran*  and  L.  P.  Xopp. 

2 

A  groovec  spec.nen  an  L  spscinen;  see  page  152)  suitable  for  study  of  the 
hardenability  .f  shllov  hardening  steels  vas  used. 
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-.he  ability  of  the  steels  to  re.saii:  t.teir  plastic  properties  in  tae  seaa  2..ne- 
fhe  effect  of  the  elsaeats  referred  to,  as  rell  as  of  carbon,  on  increase  in 
the  haraness  in  the  sean  tone  is  illustrated  by  Figure  a-rO,  *ro..  ^;hich  i.» 
to  be  sesn  that  the  naxiaun  hardness  is  obtained  in  tne  steel  alloyed 
chronitsn  and  the  nininua  hardness  in  the  steel  alloyed  rath  silicon,  -nis 
sas  also  confimed  trith  end  quench  specinens,  i.  e.,  at  various  coo_ino  r-,e-, 
thus  attesting  to  the  adequate  reliability  oi  tnis  sethod. 

For  a  relative  characteristic  of  the  treldability  of  steeds  alloyed  sinul- 
taneousiy  rith  several  elenents  and  containing  varying  anounts  of  carbon,  use 
nay  also  be  nade  of  the  value  of  the  ideal  critical  dianeter,  rhich  character¬ 
ises  hardenal.lity.  2he  greater  the  ideal  critical  dianeter,  the  worse  will 
be  the  reidabili^  of  a  given  steel,  all  other  conditions  being  equal.  She 
ideal  critical  diaseter  also  aahea  allowance  for  the  effect  of  such  an  inport- 
ant  factor  as  grain  aise,  the  effect  being  the  greater,  the  greater  i*  the 
grain  sisc,  all  other  conditions  being  equal. 

-**!  I 
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Fi£»»re  240.  Effect  of  dlicoa,  aanganese,  and  cbranius  on 
increase  in  hardness  of  seen  soue  in  steel  with  0.1^ 

(a)  and  0.22#  C  (b).  U)  fcrdnese  }tQfam^S  (b)  con¬ 
tent  of  elescnt,  S, 

it  is  necessary,  howewer,  to  point  «»t  oaco  again  that  the  ideal  critical 
cianeter  vili  cnaracterise  only  the  'PffiVmUSX.  obtaining  nartensite  and 
allow  for  the  effect  of  the  alloying  oleeeats  an^  carbon  jroeisoiy  in  this 
direction.  5he  value  of  nartensite  hardness,  on  the  other  hand,  is 

detemined  only  by  tao  carbon.  Shus,  it  is  scarcely  annicsible  to  establish 
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co^ri'ici6n wS  conv-?rsiox  oT  -hs  ai— oy2.ii£;  elc— cnwS  vO  z-iO  so—c— liOG 

"ecuivi:lejit  £^ou?it  cf  cs.Tbc2i"«  3.S  csrzcin  fo-?i^n  ;.«*'es*-iti£.*'OZ‘s  a.vv€*-ip't  lO  co» 
It  is  precisely  this  circartsiance  irhich  ecbodies  one  or  the  fundaaeiifcal  dif— 
iereaccs  betsreen  loa  alloy  sict^Is  czic  oaroon  steel  or  ecuaX  st2re*»j>th#  by  2oi? 
erins  the  carooa  content  to  the  i:iniru2  and  obtaining  the  required  strength 
tnr&ugh  introduction  or  alloying  eienents,  re  obtain  a  steel  possessina  good 
reldab’iity. 

Losering  or  the  hardness  in  the  sean  tone  caus^’d  oy  coagulation  Oa  »he 
disnerse  nhase  at  tcnnerattires  rar  above  the  tenpenng  tenteratare  in  s>.-enj,th- 


ciniziiK  1.S 


scslble  2.21  stsel  iihich  has  bess  szirengthened  by  pscecipi— 


tation  hardenin.  prior  to  relding.  Such  a  case  is  illustrated  in  Figure  24l 
Tor  a  steel  alloyed  rith  copper  the  hardness  or  rhich  ras  greatly  increased 
by  quenching  and  tentering  cerore  veiding.  For  this  reason^  tae  precipita¬ 
tion  hardening  errect  nay  be  utilised  fOT  strengthening  steel  or  rhich  raided 
stracttires  are  nanuTacturcd,  only  rhen  the  coagulation  rate  of  the  strengthen¬ 
ing  phase  is  lor  and  the  structure  remits  conducting  raiding  after  nonaal— 
ising  ana  Seaper  hardening  after  veiding.  2he  stresses  in  the  sesn  and  sem 
sone  rill  also  be  decreased  rith  such  a  sequence  of  operations. 

.Another  circanstsnee  involving  deterioration  of  the  properties  in  the 
seas  sone  is,  as  nentioned  above,  coarsening  of  the  grain.  In  relding  the 
tesperatare  in  the  sean  zone  reaches  1400**,  in  ccssequesce  of  rhich  the  grain 
is  able  to  grer  in  dinensions  far  greater  than  those  found  in  detemination 
of  the  grain  size  nunber,  even  though  the  period  for  grain  growth  in  welding 
nay  prove  short.  As  is  knom,  even  in  surface  induction  beating,  as  has  been 
established,  for  exanpie  by  S.  A.  jiaiyshev  and  H.  V.  T’yal*  /55^,  as  well  as 
by  I.  S.  Si  din  a  hi^  heating  rate  lioits  growth  of  the  grain,  but 

the  latter  coarsens  nevertheless;  it  is  possible  that  this  takes  place  to  a 
certain  extent  in  the  cooling  process.  In  welding,  on  the  other  hand,  the 
conditions  are  even  core  favorable  for  coarsening  of  the  grain,  since  in  this 
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figure  241.  Lorerlcs  of  hardness  in  seen  zone  oi  prceini* 
tation  bsrde=i££  ntael  rith  0.09»  C  and  1.2:>  Ca  tbrougii 
ccagulation  o£  hsxaexdsg  phase  (Kx  T.  Petrsa')* 

(a)  base  cebal;  (b)  seaa  cetals  (c)  aardaess 

kg/=3s^ ;(c)  distance  £rca  Itasiim  bmindaxxt  sm» 

Since  zhe  large  grain  sot  onljr  acts  in  the  saae  direction  as  the  allogr^ 
lag  eleseats,  iscreaslng  the  hazdaziabili^,  bat  also  of  itself  increases  the 
t^^sdoscy  c-f  the  steel  to  brittle  failure*  the  effect  of  the  sUcgriae;  elcsent 
caasst£a.;e  gxain  sroetbaast  be  of  -vital  signifieaaea  for  tha  resolta  of 
aeldlag.  CasseqaentlgT*  scch  elcsesta  aa  aolybdeEim*  -vanadiaa*  titaniaa* 
by  iapcdisg  groats  of  the  eastesxtc  grain*  anat  £roB  this  stendpoint  have  a 
positive  effect  on  the  veldabili^  of  steal.  A  sixilar  affect  shoald  he  exert 
ed  by  deoxidation  cf  steel  by  alaaiaaa  ead/or  titaniBa.  Soch  a  natase  of  the 
effect  cf  these  elesests  is*  in  fact*  obsarvad  in  the  vast  najority  of  cases. 

Hotever,  it  is  necessary  to  add  tha  obsarvatica  that  at  the  teaperatarea 
to  vhicb  steel  is  heated  in  the  velding  procass,  a-ven  the  stable  phases 
to  sclutios*  so  that  the  grain  voald  have  to  grow  -vieoroualy  even  in  steels 


cor.cair.ir.t;  inte:;sely  c:.rbide  forsir.i;  elesen^s  or  h£.visg  a  "fine  £Ta.in"  sue  , 

So  ceeiicasicn  by  aiazinun.  ipsarently,  she  insufficient  tine  also  plays  a 
very  inportant  positive  part  because  the  carbides  or  other  phases  inpcding 
grain  grorth  do  not  succeed  in  cissoiving  conpieteiy.  If  se  continue  tne 
analogy,  shich  seens  tc  be  appropriate  for  us,  ■rith  electric  induction  heat¬ 
ing,  it  is  of  interest  to  cite  here  the  data  of  I.  S.  at  din  »ho  established 
by  experinent  that  in  i  iuction  heatingf  in  contrast  to  conventional 

heating,  tie  stabler  carbides  (ttasgsten  ana  solybdenun  carbides  in  bis  exper- 
inents)  dissociate  even  sore  vigorously  than  certain  less  stable  ones  (chron- 
iun  carbides  in  his  eznerinecta),  but  vith  acceleration  of  the  heating  the 
tenperatcre  of  ihll  solution  of  the  carbides  rises* 

the  effect  of  the  alloying  elesents  on  residual  stresses  ssd  the  danger 
of  appearance  of  cold  cracks  is  not  United  entirely  to  thci?  effect  on  the 
hardensbility  of  steel  and  grain  grorth.  In  particolsr*  loverisg  of  the  aax^ 
tcnsite  point  by  the  alloying  elenents  ccntribates  quite  s.  sit  to  intensifica¬ 
tion  of  the  stresses  and  to  the  occurrence  of  cracks.  And  since  the  nsrten- 
sitic  point  is  lorered  to  the  greatest  extent  hy  esrbont  it  is  scccssaxy  for 
this  reason  as  sell  that  selding  steel  contain  the  ainicon  saonnt  of  it. 

aith  the  short  damtion  of  seld  heating*  the  esrhide  solution  rate  ashes 
itself  felt  to  such  an  extent  that  the  initial  structure  of  the  steel  in  the 
sense  of  dispersion  of  the  carbides  apprecishly  affects  the  position  of.  the 
aartensite  point.  ;aile  .the  carbides  are  highly  dispersed  in  the  initial 
-itucture*  they  cisseXva  sare  fhlly  in  seld  heating.  £h&  norc  highly  concen-  ^ 

tmted  anstenite  obtained  ns  a  result  of  this  is  transfemed  into  aartensite 
(in  soses  sith  a  sufficiently  cooling  rate)  at  a  loser  tes^crature*  ««« 
the  danger  of  crash  x'oxsaticn  increases. 

in  the  sean  zone  non««artcnsitic  products  of  anstenite  ceconposi- 
tion  are  obtatneu  upon  cocltsg,  it  is  g^eraXIy  held  that  the  higher  the  sub- 
criticai  tenperature  at  'utich  they  fora,  the  snsllcr  uill  he  the  stresses 
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occurrins  ir.  ^he  process  anc  xhe  dar-ser  of  crack  forcation.  Consequently,  Sne 
aos^  favorable  nusz  be  cransfomazion  of  the  austenite  in  the  pearlite  region 

i 

However,  it  has  recently  been  aenonstrated  A>o2/  that  even  in  »he  «.ase  *.1 
transformation  of  austenite  in  the  intermediate  region,  in  the  500  to 
range,  the  reld  stresses  and  danger  of  crack  formation  decreases,  since  the 
yield  point  at  these  temperatures  is  io*  and  the  stresses  due  to  volume  changes 
relax.  J^oreover,  the  volume  changes  in  intermediate  transformation  are  small¬ 
er  and  develon  more  sloviy  than  in  martensitic  transformation.  Hence  steels 
in  rhich  intermediate  austenite  transformation  occurs  in  the  seen  zone  dnrizg 


-rapia  cooling  should  possess  good  veldahili'^* 

The  lorer .  ag  of  the  martensite  point*  just  as  lovering  of  the  tenperature 
of  non-martensitic  decomposition  of  the  anrtanita*  is  ita  turn  also  intensifies 
the  harmf’ri  effect  of  the  hydrogen  entering  the  seaa  zone  froo  the  filler  net- 
al.  The  mechanism  of  orach  formation  under  tha  Inflnenca  of  tha  hiydrogen  ia 
apparently  the  same  in  thia  case  as  np<n  tha  fomation  of  flakes.  Hence*  ia 
accordance  mith  vhat  vas  said  ia  tha  chapter  ea  flakee*  the  hordrogcn  vill  he 
more  readily  removed  froa  the  aeaa  zoae  of  the  velded  joiat  and  the  danger  of 
crack  formation  in  this  case  vill  ha  the  less*  the  hichsr  ia  tha  tenperature 
of  the  — koC  tranaforaation. 

The  elements  contained  ia  the  Steel  also  hem  a  eahstaatial  effect  on  the 
damgei  of  occurrence  of  hot  eraeka  (idiieh  naaally  appear  at  taaperatnrea  above 
that  of  the  hcgisning  of  znatsnitc  deecapoaltioB)*  Aooordiag  to  reeeareh  ky 
S.  5.  Prokhorov  i$5^*  the  "technological  Strength*  of  the  filler  aetal  de¬ 
creases  vlth  increase  ia  the  earhcn*  ealpbar*  espgea*  silieoa*  copper*  and 
nickel  content  of  the  hase  aatsl.  la  stoale  sllaysd  vith  aengasese*  ehroBiuB* 
sad  molybdezsc,  on  the  other  hand*  a  higher  technological  strength  of  the 
filler  metal  is  ooserred.  The  greatest  negative  effect  is  exerted  hy  nickel* 
fer  toich  reason*  in  the  opinion  of  X.  H.  PrddwroT*  steels  alloyed  vith 
nickel  alone  must  not  he  recommended  for  voided  stxncturea.  The  hsrafhl  effect 
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®-  *^2roo;;,  su.ph'iir,  copper,  3r.d  nickel  on  the  ■technologicai  strength  of  the 

=etsi  nay  be  conpensated  by  alloying  the  latter  (through  coating)  xith 
cnroniua,  nanganese,  and  Yanadiun. 

-Tus,  lor  lo=-aiioy  structural  steel,  vhich  cust  possess  various  proper¬ 


ties  sinuitaneouslyi  strength,  corrosion  resistance,  ueidahility,  etc.,  the 
ceieetiOR  cf  aiicying  elenents  is  relatively  liaited.  ?he  alloying  possitil- 
->.ies  nsntioneci  above  are  nar-ored  even  further  by  recuiresents  of  a  techno- 
■logicai.,  and  particularly  econonic-  nature.  She  hifdi  cost  of  -  certain  elessnts 


and  tne  inadequate  rav  material  reserves  for  their  production  render  it  inex- 

o-  expedient  only  to  a  liaited  .extent,  to  nae  then  in  low-alloy  steels 
cf  high  strong. h. 
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IX.  ALLOYISC  0? 


SHalS^Ali?  ASD  THSSiiALLY  STABLE  STEEL 
1.  BASIC  CHAHACTEHISriCS^ 

S-eels  arid  alloys  intended  Tor  the  nanufacture  o2  parts  operating  ■under 
load  at  oiavated  and  hi^  teaperat'ures  for  a  sore  or  less  prolonged  period 
are  discussed  in  this  chapter.  The  aevelopsent  of  such  stesls,  and  sisail- 
taneously  the  procedures  for  testing  tLeir  special  proper  tieSf  has  Been  pro¬ 
ceeding  very  intensively  over  the  span  cf  the  last  25  to  50  years,  in  connec¬ 
tion  -sith  the  develcpnest  of  stean  poser  plants,  steas  and  gas  tnrhineS;  ««- 
nonia  synthesizing  apparat'os,  petroleun  refining  equipcent,  jet  nateriel, 
etc.,  operating  at  hi^  and  ever  rising  tesperatures  and  pressures.  We  shall 
henceforth  rcf^r  to  steels  anich  possess  a  hi^  resistance  to  plastic  defor- 
nation  and  failure  at  operating  tenperaturcs  up  to  500-550**  es  theically 
stable,  and  to  steels  capable  of  resisting  plastic  defoxcatioa  and  failure  at 
higher  operating  tesperatures  as  heatproof.  Steels  idiich  possess  lii^  rs- 
sistance  to  gas  corrosiqn  or  sealing  at  hi^  tsaperatures  sill  he  referred 
to  as  corrosion-resistant,  finally,  ve  shall  tera  heat-resistant  those 

steels  uhieh  sinoltaneously  possess  resistance  to  gas  corrosion  and  a  high 

2 

resistance  to  plastic  deforsation  and  failure  at  high  teaperatuxea  • 

The  basic  requirenents  which  nay  ^  nade,  acpszately  or  sisultaneously, 
of  heat-resistant  and  tbersslly  stable  steels,  depending  on  the  du^  conditions 
of  the  sachine  part  8re:(l)  strength,  ihieh  is  characterised  by  the  yield 
point  or  tensile  strez;gtb,  in  brief  tension  tests  at  an  elevated  or  hi^  op¬ 
erating  tenperature;  (2)  creep  resistance;  (5)  stress-to-rupture  strength, 

^Por  Xhrther  details  about  the  basic  chsracteri sties  of  heatproof  and  tberaal- 
ly  stable  steels  and  the  nethods  cf  determining  these  characteristics,  see 
the  work  of  A.  K.  Sorzdyka  and  Ts.  S.  datsborg 

2 

According  to  SOS?  5652-51>  beat  resistant,  tbersslly  stable,  and  heatproof 
steels  proper  are  coabined  under  the  ctaaon  dcsignadan  "beatpreof*,  and 
steels  resisting  gas  corrosion  at  hi^  tsapexatuzea  (beat-proof  steels)  are 
temed  "scale-resistant". 
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zhe  aaoust  of  stress  ■shtch  leads  to  breakdo'sn  of  material  under  pro- 


i.  e-, 

longed  application  of  lead  at  tne  operating  teaperature;  (4)  lo»  notch  sen¬ 
sitivity  in  creep  rapture;  (5)  fatigue  strength  at  the  operating  teeperature; 
(o)  stability  of  the  structure  and  properties  tinder  prolonged  exposure  to 
tenperature  and  load;  (7)  resistance  to  relaxation;  (8)  heat-resistanse; 

(9)  resistance  to  corrosion;  (lO)  resistance  to  erosion;  (li)  resistance  to 
theraal  fatigue;  (12)  cepabilrty  of  daapiag}  or  logaxithsic  decrenent 
of  vibrations;  (I3)  a  definite  xtodulns  of  elastic!^;  (14)  definite  j^sical 
properties:  a  lox  thermal  expansion  eoeffieienfet  hlfijt  therzal  eondaetiri^ 
and  tenperatnre  diffnsiTity,  eta. 

The  stre  gth  and  plastici-^  at  high  teeperatores,  as  detersdsed  Iff  a  20 
tc  3C-ninate  stresa  rupture  testt  play  &  subordinate  part.  Ebsevert  these 
charasteristics  acquire  Independent  izsortance  for  parts  are  subjected 

to  the  action  of  hi^  teaperatnres  under  load  for  a  very  brief  period*  or  of 
loT  teeperatores  at  tdilCh  creep  has  practically  no  effect  as  yet.  SA  tesper* 
atures  above  350-400®,  no  yield  strength  offset  is  genexslly  to  be  detected 
in  the  stress-strain  diagran.  In  these  esses  yield  strength  is  dateraised, 
i.  e.,  the  stress  corresponding  to  the  specified  perasnent  elongation,  aost 
frequently  0.2^.  The  yield  strength  is  plottsd  against  the  teaperatare 
os  one  diegren  vith  the  creep  Characteristics,  for  tbs  saas  stscl,  in  order 
to  determine  the  tenperatore  helov  shlbh  calcaistions  aay  be  eoadueted  on 
the  basis  of  the  yield  point  value.  Shis  teapexatare,  aT>  other  conditions 
bezng  equsl,  depends  on  the  pezussibla  creep  rate  or  total  strain,  in  ez- 
anple  of  such  a  plot  ie  shoes  in  Pigore  301  /izf/  for  pearlitic  5!6  chrosiun- 
solybdenus  steel  and  for  anstenitie  steel  of  the  000819  ^pe.  It  is  to  be 
seen  free,  the  diagras  that  up  to  ^  425®  tor  the  first  steel  and  up  to 
cOO®  for  the  second,  the  value  of  the  stresses  coxrespondiag  to  a  creep  rate 
of  0.15»  per  lOCO  hours  exceeds  the  yield  point  <5*^^  g;  eonsequantly,  up  to 
the  terperstures  indicated  the  latter  aay  be  nseu  as  a  basis  for  calculations 
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-  a  m  *.s  jra  ss»  tit 

^TeMSDsafpe'C 


ilgare  ^1*  CIsge  in  aecbanicsl  properties  of  pesrlltie 
(a)  and  si.j^esitic  (b)  steel  eith  tesperatures 
1  •  0.0'.*  creep;  2  -  1000  boars  to  failure; 

5  -  ^  dosgation  S  at  failure;  5  -  0.19( 

creejf.f .  2 

(s'*  s-xess,  ke/sB  ;  (s)  taapexaturst  C. 

/ 

for  these  steels.  / 

/ 

If  the  steel  iriateaded  for  serriee  under  stress  orer  a  long  period,  to 

chsracterize  its  s/’sngtb  at  hi^  taperatnres  it  is  necessaz^r  to  fcaov  either 
# 

the  creep  resiste^c  or  the  Tslue  of  the  stress  which  leads  to  failure  under 

la^tii -pg  load,  husost  freqaentlj  both.  Xbe  creep  resistence  is  of  decisive 
« 

} 
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i:ipor^aiice  in  the  evaluation  of  a  atcsei  chenever  nfesli5tb?.e  total  straxn  ij» 
envisaged  for  a  part  over  a  long  period  of  service,  sucn  as  l‘to  in  several 
years.  If,  on  the  other  hand,  considerable  strain  is  envisaged  for  the  part 
and  only  failure  nust  be  elisinated,  the  magnitude  of  the  stress  vnich  leads 
to  failure  under  lasting  action  of  load  nay  prove  decisive-  This  character¬ 
istic,  as  proposed  by  a.  h.  3orzdyka,  is  designated  lon<r-terg  strength  (creep 


rupture) . 


it  nas  seen  rcunc 


d  by  a  nunbar  of  investigators  that  the  stress  versus 


tine  to  failure  grauh  nlctted  in  doable  logsrithsic  coordinates  is  a  straigii- 
line  (?ig.  502a)  shose  angle  of  inclination  to  the  X— axis  depends  on  the  test 
tenperature  (Tig*  502b).  Hence  it  is  possible  in  principle,  by  extrapolating 
these  lines,  nsuslly  brought  by  expert sent  to  15OO— 3000  honrs,  to  find  the 
long— teznt  strength,  xhich  corresponds  to  periods  of  tension  of  1C,000  snd 
100,000  hours'*".  Hoxever,  only  the  long-ten*  strexigth  values  obtained  by  ex- 
perinent  nay  be  regarded  as  fdlly  reliable,  since  additional  processes  such 
as  oxidation,  corrosicn,  structural  changes,  etc*,  luiich  favor  intercrystal— 
line  brittle  failure,  say  have  an  intense  effect  in  the  event  of  sore  pro- 

I 

tracted  periods;  this  results  in  a  break  in  the  stress-tine  line  (?ig»  302c). 

Consecuently,  brixiging  the  speeisen  to  failure  also  peroits  revealing  pxroceases 

sf  "ensrittlenent*'  of  the  saterial,  ebich  in  s  nanber  of  cases  sharply  reduce 

its  plasticity  characteristics  —  elongation  and  contraction. 

The  priaary  creep  curve,  ihich  depicts  the  increase  in  percanent  see  vith 

tine  at  constant  values  of  stress  and  t^?eratnrs,  is  shosn  diagranBatically 

in  Slgure  303.  Hence  the  creep  rate  t  on  the  rectilinear  segcent  of  the  surra 

be  is  detersined.  The  rate  ▼  increases  sith  increase  in  the  test  tenperature 

c 

and  stress.  In  isny  ixistai:ces  the  total  deforsation  of  a  spedeen  in  a  speci- 


^?or  a  proposed  nore  reliable  extr&polatiou  aetbod,  see  I.  X.  Oding  and  Y.  S. 
Sb.  Instituta  netallurgii  JS  SSSB.  ^ssledovaxiiya  pc  sharoproebnys  splavan* 
/Synposiun  of  the  Institute  of  Setallurgy  of  the  Icadeny  ?f  Sciences  of  the 
ySSH  ’’Research  on  Heatproof  sUpys^,  Pabliahing  Office  of  the  Academy  of 
Sciences  of  the  XJSS3,  p.  32,  1936* 
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fled  period  of  tine  is  of  iaportaEce-  Such  experinental  curves  huvieg  been 
pioxied  at  cosstaut  temperature  and  various  stress  values*  the  creep  lisi.t  is 
determined,  ^tLich  characterizes  guantitatively  the  resistance  of  the  steel  to 
creep  at  a  given  '.emperature.  In  this  case  the  theoretical  or  physical  creep 
itself,  rhich  represents  the  mm  stress  at  vhich  the  creep  rate  equals 
zero,  is  very  seldom  detemined.  She  resistance  of  steel  to  creep  ia  usually 
characterized  by  an  aroitrary  creep  strength,  vhich  is  the  adopted  unit  sti  .ss 
responsible  either  for  a  specified  creep  rate  on  a  rectilinear  segsent  of 
the  carve  in  figure  505  (  ^  specified  total  deforcatios  in  the 

course  of  a  definite  period  of  tine  (  ).  f^os  the  carre  in  figure  503 

it  is  also  por~ihle  to  detereine  the  elongation,  which  corresponds  to  the 
oencing  point  c. 


r  ■ 

I 

□ 

_ 

a ■  ‘b.  ;  •  - 


1®'- 

figure  502.  Sreakdoan  stress  versus  duration  of  its  actions 
a  and  c  >  at  constant  tesperature;  h  «■  at  varicas  tes> 
peratares; 

(a)  stress  Us  (b)  tiae  to  failure  (In'?'). 

Comhiced  diagrans  are  frequently  plotted  for  the  long-ten  strength  and 
creep.  In  ezaaple  of  such  a  diagrsa  in  logarithade  coordinates  is  shown  in 
figure  50^  for  chrose,«olyhdenBa  steel.  She  top  line  represents  the  relation¬ 
ship  of  stress  to  time  to  breakdown.  Curves  of  creep  at  vazious  loads  are 
plotted  in  the  lower  part  of  figure  50^«  The  values  of  the  tise  in  the  course 
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of  Tshich  a  total  creep  of  iS  at  480*'  is  reached  have  oeen  taken  froa  these 
curves;  the  relationship  of  this  tine  so  the  stress  gives  the  second  diagraa 
froa  the  top  (also  a  straight  line}*  Finally »  the  eztreae  points  of  tnc  creep 
curves  denote  the  values  of  ulticate  elongation^  rhich  decreases  rith  increase 
in  the  duration  of  action  of  the  load.  3y  connecting  the  points  corresponding 


Figure  303.  Diagran  of  priaaiy  creep 
curve. 

m  const;  S  >  const* 

(a)  elongation,  St;  (h)  tine. 


to  the  values  ^f  ultisate  elongation  hf  a  line  and  extrapolating  the  latter 
to  ICOjOCO  hours,  ve  find  that  for  the  steel  in  questlcn  the  ultisate  elonga^ 
tion  drops  frcr  ■^2056  in  1000  hours  to  3$  ^  100,000  hours.  Sf  extra¬ 
polating  the  upper  tvo  lines,  «e  find  the  long-tera  strength  correspond¬ 
ing  to  a  tine  of  100,000  hours  and  the  stress  causing  a  total  creep  of 
Iji  in  100,000  hours.  ?he  ratio  of  these  stresses  —7—  gives  the  gtrgin  of 
safety  at  the  given  teapcreture  for  the  steel  in  idiieh  ve  are,  interested. 

?he  reliasili^  of  the  ssterial  in  service  is  also  frequently  charsctezixed 

'ey  the  ratio  — —  .  J 

°c  J 

Kunerous  accelerated  uetbods  of  de'ftzxining  the  characteristics  of  steel's 

resistance  to  creep,  proposed  and  used  to  a  certain  es^ent  tfans  far,  chiefly 

»  * 

hy  foreign  investigators,  nay  q[aite  xi^tly  he  regarded  as  not  sufficiently 
accurate  /cf.  71o7<  In  additicn,  the  a^elerated  test  sethods,  as  has  already 
been  pointed  out.  do  not  take  into  accegnt  processes  i^ch  develop  very  slov- 
Iv  in  the  steel,  and  these  processes  cay  have  aerloua  conseq:aeaces.  Sven  the 

if 

Icng-tem  hardness  sethed,  very  tesptinc-  hccause  of  its  rapidity,  is  nc  ex- 

f- 

ception  in  this  respect.  ¥evertheless,\is  the  lahoratozy  testing  of  heat- 
* 

Cl 

proof  alloys  A.  X.  Sochvar  coz^siders  itryossihle  to  sake  a  tentative  qualita¬ 
tive  selection  of  expeiisental  alloys  01  -the  basis  of  the  results  of  neasure- 
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Eent  of  their  hardness*  Ho-ever,  alloys  possessing  high  long— tern  strengti: 
values  still  cannot  t»e  reconnended  as  heatproor  alloys  ■Kithout  a  check  hy 

« 

te::sion  =:ethod,  since  the  long-tera  hardness  is  not  afrected  hy  certain  fear 
tares  of  the  structural  condition  of  the  alloys,  prinarily  the  condition  of 
the  grain  boundaries  ^444; cf.  also  71^»  Use  is  also  cade  for  tentative  qual¬ 
itative  selection  of  erperiaental  alloys  of  the  centrifugal  bend  test  method 
developed  by  I,  I.  Sorniiov  ^6^. 


j 


?lgare  304.  Ccnbined  dicgraa  (of  Icng-texs  strength  and 
creep)  in  logarithsic  coordinates  for  a  chroaiiui- 
nickel-nolybdentm  steel  sith  0>429(  C,  0.69i(  lhi»  0*2^ 
Si,  0.7256  Cr,  1.84^^i,  0.3*56  Ko,  qnenched  ticm  950 
and  tenpered  at  675°  (!••  Xs.  Ubeznan): 

0  -  interczystalline  frsetnre;  A  -  railurs  at 
480°;  B  -  156  creep  at  480°;  C  -  alcngation  at 
failure;  . 

(s3  stress,  kg/sa^;  (b)  elongation,  S6; 

(c)  tine,  hours. 


It  should  be  noted  that  even  in  the  case  of  testing  by  direct  setbods 
and  sufficient  length  of  the  test  period,  the  values  deterained  of  the  long- 
tem  ulticate  strength  of  the  sane  alloy  say  vary  over  a  aide  range,  not  only 
in  differeut  countries,  but  also  in  one  laboratory  vith  specinens  fron  differ¬ 
ent  celts  and  even  Trcsi  one  x»lt  /626  et  al^.  These  fluctuations  are  also 
affected  by  the  error  of  the  test  itself  and  the  hi^  sensitivity  of  the 
characteristics  detersined  to  the  xelting  procedure,  further  treataent  of  the 
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ingots  and  blanks,  action  by  the  sediim,  and  randoa  defects  -shich  itay  play 
the  part  of  notches,  etc.  "his  nust  be  taken  Into  account  sjarticuiarij"  vhep 
cosparing  results  cbtained  by  different  investigators. 

Relaxation  consists  in  the  circaastance  -that  the  elastic  strain  of  a  part 
caused  by  a  definite  stress  changes  to  plastic  strain,  this  leading  to  spon¬ 
taneous  iceering  of  the  stress.  Shis  effect  is  of  particular  importance  for 
a  steel  froa  which  fastening  parts  such  as  bolts  are  aanufactured,  since  when 
the  stress  is  lowered,  the  elastic  shortening  ensuring  fixsness  of  the  cor¬ 
responding  connection  is  relieved.  Relaxation  has  such  in  coanon  with  creep. 
Hence  both  effects  are  occasionally  considered  identical,  and  it  is  even  pro¬ 
posed  that  relaxation  be  used  as  a  method  of  testing  creep  and  vice  versa. 

"he  rate  of  increase  in  plastic  defcmation  in  relaxation  is  considered  by 
sane  as  equal  to  the  creep  rate,  while  others  contest  this  thesis.  However, 
this  is  a  special  question.  Insofar  as  our  topic  is  ccncemed  it  is  necessary 
to  note  the  circumstance  that  far  froa  all  alloys  which  resist  creep  veil 
also  possess  high  relaxaticn  characteristics  /cf.  71^. 

The  fatigue  strength  at  hi^  temperatures,  is  an  important  characteristic 
for  parts  in  service  under  alternating  stresses.  At  hlg^  teaperatures  the 
right-hand  segment  of  the  fatigue  curve,  as  may  be  seen  froa  the  seheaatic  in 
Pigure  305t  becomes  sloping  instead  of  horizontal.  In  consequence  of  this, 
the  fatigue  licit  decreases  with  increase  in  the  nuaber  of  ^cles;  moreover, 
its  decrease  is  the  greater,  the  higher  is  the  operating  teaperature.  Its 
value  should  thus  be  determined  and  indicated  for  a  specified  number  of  re¬ 
versals,  and  a  fairly  hi^  snaber  should  be  adopted.  The  bigh-teaperatixre 
fatigue  limit  in  smooth  specimens  is  usually  higher  than  the  limits  of  creep 
and  long-term  strength,  with  the  length  of  the  test  period  rou^ily  identical 
/71^.  In  this  case,  consequently,  failure  ensues  earlier  under  the  effect 
of  creep  than  under  the  effect  of  fatigue.  This  is  apparently  due  to  the 
fact  that  the  fatigue  effects  are  determined  chiefly  by  intragranolar  processes 
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and  creep  chiefly  by  processes  is  she 
spot"  at  high  temperatures. 

Birectly  allied  trith  the  problem 
(the  capability  of  steel  of  absorbing 
it  is  characterized  quantitatively  by 
niiicance  of  the  cyclic  ductility  of 


grain  boundary  layer  xhich  is  a  "weaker 

of  fatigue  is  that  of  cyclic  ductility 
irreversibly  the  energy  of  vibrations* 
a  hysteresis  loop).  Althouga  the  sig- 
steel  for  the  service  of  parts  has  not 


yet  been  definitely  ascertainea' {-Bith  the  exception  of  resonance  conditions)* 
it  nay  nevertheless  he  assused  that  of  two  steels  having  an  identical  fatigue 
iinit,  the  one  vith  the  hi^er  cyclic  ductility  rill  be  the  batter  one^. 

Kotch  sensitivity  is  usually  detemined  as  the  ratio  of  the  values  of 
the  long-tem  u*  tinats  strength  of  a  notched  specinen  and  of  a  saooth  speci¬ 


men.  It  must  be  borne  in  mind  here  that  determination  of  these  characteris¬ 
tics  by  extrapolation  cay  lead  to  erroneous  conclusions*  since  in  certain 
materials  notch  sensitivity  is  intensified  in  the  course  of  tine  and  the  lines 
denoting  the  dependence  of  the  breaking  stress  on  the  length  of  the  test  per¬ 
iod  (Fig.  302)  for  a  snoots  and  a  notched  specizen  cay  intersect.  lEany  high** 
ly  heatproof  alloys  are  sensitive  to  skering*  and  their  long-teza  strength  de¬ 
creases  greatly  eves  in.  the  event  of  a  ali^t  akev  an^e  of  the  specisen 
(1.5*;  cf.  fB2y), 


A  highly  important  characteristic  of  thezszally  stable  and  heatproof 
steels  is  the  stability  of  their  structure  and  properties  under  the  prolonged 
acticn  cf  temperature  said  load.  Instability  cay  be  the  result  of  various  pro¬ 
cesses  taking  place  in  the  steel  at  elevated  or  high  operating  tesperatcres. 
Certain  of  them  ere  accelerated  under  the  action  cf  a  load,  ^sh  processes 
include*  for  example  in  pearlitic  steels*  gra^iitizaticnt  spheroidizing  of 
carbides*  change  in  the  eouposition  of  the  carbide  phase  and  solid  solution 
cue  to  diffusive  redistributioa  of  the  alloying  elements  between  sbec*  and 

'^For  further  details  concemixig  cyclic  ductility  and  its  significance,  cf. 
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orocesses  causing  ^herrml  brittleness.  In  high-chroniuB  steels  these  are 


T?rz^s=2 


processes  uhich  result  in  the  so-called  4?5-degree  brittleness,  and  in  susi.e_n— 
itic  steels,  precipitation  iron  the  solid  solution  of  carbides,  nitrides,  —et— 


allic  conpounds,  forsation  of  the  of -phase,  S'  phase,  and  other  phases.  The 
extent  of  instability  of  the  steel  is  established  prolonged  holding  of 
stecinens  rithout  load  or  under  load  (at  the  sane  tme  that  the  basic  char¬ 
acteristics  are  deterained)  in  the  tenperatnre  range  under  consideration  and 


subsequent  detersiziation  of  its  structure  and  properties. 


r  \ 

I  \ 

I-  \ 


Figure  305.  Diagraa  of  fatigue  carve 
at  rooa  (1)  and  'oi^  (2)  temper¬ 
ature. 

(a)  stress;  (b)  logarithm  of 
nusher  of  cycles. 


Of  the  physical  properties,  together  xith  high  themal  condnetiTity  and 
tenperature  diffusivity,  a  themally  stable  and  heatproof  steel  aast  for  cany 
areas  of  application  possess  a  lo*  ihemal  expansion  coefficient,  for  example, 
for  turbine  disks  in  the  event  of  a  lev  thermal  expansion  of  the  steel,  not 
only  is  there  less  change  in  the  clearance  at  different  temperature  service 
conditions,  but  there  is  also  a  decrease  in  the  teaperatnre  stresses  occurring 
in  them.  1.  lox  thermal  espansion  coefficient,  together  vtith  the  other  proper¬ 
ties,  is  of  no  less  importance  for  increasing  the  rssistaaes  of  the  allies  to 
the  occurrence  of  thermal  fatigue  cracks  /el»  732  st  tiL^m  k.  nanher  of 


articles  vhich  are  subjected  to  abrupt  temperature  changes  in  servies  are 


frequently  rendered'unserviceahle  for  precisely  this  rsasoa. 
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2.  JEE  SOLS  0?  ALLOYiSG  3L2£SS2S  IK  ESAT-3ESIS?AKT 
153  “HSHSALLY  STASIS  STEELS. 

The  effect  of  elloying  6le::ents  on  the  resistance  of  steel  to  pisstic  de- 
foma^ion  and  failure  at  hi^  tenperatiires  and  on  its  corrosion— resistance 
(resistance  to  scaling)  obeys  various  lavs.  Sence  we  shall  discuss  separately 
iheir  effect  in  both  principal  directions. 

1..  T2E  HOLS  0?  ALIOYIKG  AKD  OTHSH  PACTCSS  15  ISC3S&S- 
IKG  THE  COHHOSIOL-HSSISrAHCS  ASH  THSHiiiL  STABILITY  OF  STEEL. 

General  Principles 

The  resistance  of  alloys  to  plastic  defonation  and  failure  at  hi^  tea- 
peratures  is  determined  basically  by  the  saae  physical  and  physicc-cheaical 
factors  as  at  roon  tesperatmre.  These  factors  are  the  type  (the  interrelation 
of  the  various  types)  and  strength  of  the  intemtoodc  bond  and  the  structure 
of  the  alloy- 

In  particular*  there  are  at  the  present  tine  sapy  grounds  for  assusing 
that  neither  losering  of  the  rupture  stress  under  the  prolonged  action  of 
load  (long-tem  strength)  nor  creep  constitute  ^enceena  peculiar  only  to 
hig^  operating  tenneratures.  Ty*  a  nsnber  of  projects  nith  the  cost  varied 
aaterisls*  both  non-zetallic  and  cetallie*  loserisg  of  the  strcr.gth  at  rcos 
tenperaturs  vith  increase  in  the  period  of  action  of  the  load  has  been  estab¬ 
lished.  Ix  has  been  desonstrated  ^1^  that  the  dependence  of  the  tine  to 
failure  7*  on  stress  in  seai-logarithaic  coordinates  is  depicted  vith  suffi¬ 
cient  accural  by  a  straight  line  end  described  by  the  stateaeut  of  cquali'^^ 
'7' «  Ae  ,  vhere  A  and  of  are  constants,  of  is  tbs  angle  of  alope  of  the 

'^2he  eznerisents  of  S.  K.  Zharkov  and  5.  Te.  Tosssbevskiy  /51^  have  shevn 
that  upon  change  in  the  duration  of  ths  test  (durability)  by  even  10  orders, 

this  expression  is  confiraed  better  for  both  non-Betals  and  aetals  than  the 

expression  usually  adopted,  but  that  it  is  a  particular  case  (for 

a  definite  range  of  values  of  ^  },  of  a  aore  general  princi:^e  vhicb  has  not 
as  yet  been  established. 
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line-  It  nay  be  seen  fcr  polystyrene  (polyner  of  styroleae)  Troa  Figure  yOo 
£51o7  that  with  decrease  in  teaperature  the  tine  dependence  o£  strength  TS-ies 
regularly  and  at  sufficiently  lor  teaperatures.  nay  hecone  difficult  of  detec¬ 
tion.  The  teaperature  dependence  of  the  -tine  is  described  by  the  expres¬ 
sion 


ffhere  3  is  a  constant  depending  cn  the  nature  of  the  saterial  and  r-  represents 
the  activation  energy  of  the  process  leading  to  falluret  which  energy  decreas¬ 
es  with  increase  in  the  stress. 

is  re  have  already  noted  {^Sassia^  p.  209)  i  these  data  peixit  the  as— 
sunntion  that  the  process  of  breahdom  proceeds  via  gradual  local  rupture  of 
the  Interatoalc  bonds;  this  rupture  is  possible  because  of  the  ishouogenei'^ 
of  the  naterial  and  distribution  of  the  stressesy  fluctuations  of  the  energy 
of  the  themal  vibrations  of  the  atons  and  strength  of  the  interatonic  bond, 
and  in  the  case  of  setals  also  as  a  result  of  slips  in  ^astic  defoxsation* 
This  is  attested  to  to  a  certain  extent  by  the  static  diatricution  found  by 
S.  ZburkoT  and  others  /5107  of  the  dorshili^  or  longevity,  i.  •.#  the 
tine  to  failure,  and  the  irreversibility  of  the  process,  vfaieh  consists  in 
the  circuustance  that  the  total  dursbili'^  scarc^y  changes  in  the  event  of 
intemediate  reneval  of  load  and  protre’'ted  "rest”  of  the  specisens. 

If  ve  proceed  on  the  basis  of  this  reasoning,  ve  ssy  assure  thst  the 
“actiTation"  energy  S  is  directly  related  to  the  bonding  energy,  in  conse- 
cuense  of  which  it  decreases  vith  increase  in  stress.  Hence  the  tiae  depen¬ 
dence  of  the  strength  7itb  respect  to  quantity  nost  be  detersined  in  approxi— 
nation  by  the  honologous  tesperatore.  S:is  temperature  for  polystyrene  — 
19^°,  at  which  the  strezsgth  still  decreases  faintly  vith  increase  in  the  per¬ 
iod  of  load  application  (Fig«  506)  —  is  greater  than  (the  absolute 

softening  point).  For  ste^,  on  the  other  hand,  rooa  teaperature  is  still 
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less  rhE2  0.2T_g,^,  Tor  «ica  reasos  as  appreciable  tiae  dependence  of  strength 
is  observed  here  only  at  elevated  and  hi£^  tenperstnres. 

It  is  obvious  that  the  creep  rate  is  also  deterained  by  the  honologoas 
tenperatare.  In  such  setals  as  leadj  for  vhich  roon  tenperature  corresponds 


to  ■'n^O.55  the  creep  occurs  even  at  this  tesperature  at  a  considerable 

rate  "under  lor  stress.  In  the  case  of  stresses  exceeding  the  yield  point,  on 
the  other  hand,  considerablr  oresp  has  been  observed  at  roca  teaperatnre  in 
steels  as  veil  in  a  nuaber  of  studies. 


Jigure  306.  ?iae  to  failure  Tersas  stress  at  various  tea- 
pexatures  for  polystyrene.  ^  2 

(a)  tine  to  failure  (In  ?")?  (b)  stress,  kg/sa  . 


Horever,  ths  features  vhich  are  contributed  by  bi^  teapcrature  snd  vhich 
rill  nairifest  thsselves  the  sore  the  longer  snst  the  part  aazaifactnred  fros 
the  alloy  be  in  service  are  of  enorcous  iaportasce  for  the  heat-resistance  of 
netsls  and  nets',  alloys. 

^e  se«^h«is3  of  clastic  defomation,  and  hence  also  that  of  creep,  cay 
change  at  a  hi^  tenperature.  Vasj  Soviet  and  foreign  investigators  have  dea- 
onstrated  by  «xperinent  or  have  suggested  that  plastic  defomation  is  accos- 
plished  by  v..'ious  nechsniass  /cf.  472,  828,  et  al27i  vhich  are  usually  sub¬ 
divided  into  hree  groups  Exaaining  it  frca  a  acre  general  stsndpcint, 

ve  nay  deal  v.tb  tvo  t^sie  groups  of  processes,  those  of  shear  end  diffusion. 
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Acrorcir.^  co  ihe  ciffusxcn  =echsir,is=,  as  -sas  siigges:ed  long  ago,  deforaatioa 
Cuaes  abont  ihroaga  r.lasiic  flor,  as  in  anorpaous  bodies.  The  relation  between 
ihe  course  of  defomanion  in  accordance  -arith  nhe  various  aecbanisas  and  creep 
is  srill  far  frca  being  eszablashed,  although  there  is  so  vant  of  assusptions 
relative  to  this  question  ^f.  ?10,  715,  823,  et  slj.  The  experirental  data 
are  highly  contradictory.  Sven  the  investigators  xho  hold  that  the  fora  of 
the  creep  curve  in  the  final  analysis  depicts  the  difference  of  the  effects  of 
softening  and  strengihening  frequently  drav  contradictory  corclusicns  on  the 
question  of  the  effect  of  a  given  process  cn  strengthening  ai.d  of  the  reason 
for  such  an  effect. 

It  stay  nevertheless  oe  assured  that  one  or  another  plasticity  nechenisa 

trill  predoninate,  depending  on  the  operating  tenpecataire,  xsapiitude  of  stress, 

and  duration  of  action  of  load.  At  tenneratures  belos  0-  .T  .  -  shear 

next* 

nechanisns  predoninate.  As  tesperatures  abeve  0.3  to  0-5?_.  »hen  the  diffd— 
sacn  rate  beccnes  considerable,  diffusion  nechanisns  of  pla-asici'^  begin  to 
operate,  and  even  to  predtzinate  at  definite  stresses.  The  rart  played  "by  the 
diffusion  nechanisns  of  plisticity  *ill  be  the  greater,  as  onpared  to  the 
shear  nechanisns,  the  sssZZ-:t  are  the  stress  and  rate  of  plastic  deformation 
(creep),  since  considerab!  tine  is  reqviired  for  the  develop  sent  of  difftision 
processes.  In  particular  it  has  been  denonstrated  3^0  tbit  under  conditiozss 
ol  relatively  snail  stres:  s  and  lov  creep  rate,  the  nscoaniia  of  grain  cis- 

placsnent  predoninates.  ! 

» 

In  the  boundary  (in;  r  crystalline)  layer,  diffusion  prrreeds  at  a  guch 

t  • 

hi^ner  rate  than  vithin  tiu  grain.  Hence  in  the  event  of  pre.oninance  of  dif¬ 
fusion  nechanisns  of  plas  :  ity,  plastic  deforsation  .develops  chiefly  in  the 
boundery  layer  of  the  gra:*  ,  and  primarily  the  grain  boundari«s  sust  be 
strengthened  in  order  to  cease  the  resistance  of  the  allr;  to  creep,  fhe 
differing  role  of  the  gra-'  -cundaries  under  different  conduions  of  defoma- 
tion  has  been  confimed  V  e  perinent  in  a  nunber  of  studie  j  particularly 
rith  specimens  of  aluaina ,  onsisting  of  sonocxystals  in  section  several 
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cryszals  in  len^^h  /?1^»  icith  snecinens  of  carbon  steel  heated  ahiic  unzer 
load  in  vacuo  /71^,  etc. 

"rhe  aain  feature  of  the  effect  of  hi^  tenperature  on  the  long— ters 
strength  of  aetals  and  alloys  consists  in  she  presence  of  t»o  branches  on  the 
straight  line  of  the  logsrithnic  stress  -  tise-creep  dlagran,  a.  e-,  a  break 
in  the  line  (cf.  Figs.  302c  and  304)  chich  occurs  after  a  certain  stress  per¬ 
iod,  vhich  differs  for  different  netals^.  In  saying  this,  ee  thus  proceed  on 
^  the  basis  of  the  probability  indicated  above  that  in  general  losering  of 
strength  uith  increase  in  the  duration  of  action  of  load  is  a  principle  in¬ 
herent  in  all  naterials  evan  at  nomal  tenperature,  ■while  raising  the  teaper- 
ature  only  renders  it  nore  pronounced  (?ig.  306).  Hence,  the  left-hand  branch 
of  the  diagran,  even  at  an  elevated  tenperature,  say  be  ascribed  to  gradual 
local  rupture  of  the  interatosic  hones. 

“he  breakdovn  along  the  right-hand  branch  of  the  logarithsic  line  is  in— 
tercrystalline  in  the  vast  majority  of  cases  and  upon  cicroscopic  inspection 
appears  as  the  result  of  generation  and  developnent  of  cracks.  Hence  the 
hypothesis  advanced  b7  S-  2.  £ishkis  /cf.  5il»  62^,  according,  to  ■which  the 
generation  and  developnent  of  cracks  are  the  cause  of  lowering  of  the  strength 
and  plasticity  of  alloys  working  under  load  at  high  teaperatnres,  appears 
nore  certain  than  other  hypotheses,  regardless  of  what  causes  the  occurrence 
of  the  initial  cracks.  It  has  alsc  been  denonstrated  ^71^  that  allowance 
for  susceptibility  to  dsnage,  i.  e.,  for  the  characteristic  opposite  to  the 
resistance  of  an  alloy  to  the  occurrence  of  initial  cracks,  at  least  in  the 
case  of  intercxystalline  failure  in  the  process  of  long  application  of  load  at 
high  tenperature,  nay  result  in  a  qualitative  arrangeuent  of  the  naterials  be¬ 
ing  evaluated  other  than  that  based  solely  on  the  allowance  for  their  resist¬ 
ance  to  total  breakdown. 

~At  a  very  high  hcnologaus  tenperature,  it  is  possible  that  a  break  nay  not 
be  detected  in  the  event  of  short  duration  of  load  application  and  a  con¬ 
ventional  erperinent. 
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Sisce  istercrystallise  failure  along  lae  rigist-hend  branch  of  »he  line 
in  Figure  5&2c  occurs  ac  relatively  los  stresses  and  long  period  of  load 
plication,  the  causes  of  the  initial  cracks  are  usually  sought  in  this  case 
in  diffusion  processes-  The  nost  ridespread  hypotheses  are  based  on  the  "hole" 
theory  of  cif fusion  developed  by  Ya-  I.  Frenkel*.  The  authors  of  these  hypo¬ 
theses  hold  vhat  the  cracks  are  the  result  either  of  diffusion  of  vacancies, 
thich  are  present  and  develop  in  the  process  of  trork,  touard  the  grain  boun¬ 
dary,  uhere  they  gather  in  "colonies’*  ^'iJQ  or  of  displacement  of  extant  and 
continuously  nascent  "fusion  foci",  ihich  are  taken  to  mean  disordered  atoms, 
surrounding  the  "vacancy"  torard  the  grain  boundaries  (»hich  are  aore  favor¬ 
able  regions  -t  high  temperatures,  vith  respect  to  energy),  vhere  they  coag¬ 
ulate  /Tiy. 

Highly  important  accessory,  and  sometimes  even  decisive,  causes  of  the 
origination  and  development  of  cracks,  and  in  the  final  analysis  brittle  fail- 
'ure,  even  in  the  opinion  of  the  authors  of  the  hypotheses  referred  to,  aay  be 
processes  xhich  occur  at  the  operating  temperature  and  lead  to  the  formation 
on  the  grain  boundaries  of  phmnss  rhich  lover  the  tear  resistance.  If  the 
precipitating  phase  is  situated  primarily  inside  the  grain  along  the  slip 
planes,  as  tas  observed,  for  example,  in  a  nickel  alloy  vhile  bein';  tested  for 
fatigue  at  750  i'S'  also  facilitates  transcrystalline  failure. 

in  our  opinion,  hovever,  if  ve  proceed  on  the  basis  of  the  Iqrpotheses 
concerning  the  decisive  role  of  diffusion  of  vacancies,  it  is  difficult  to  ex¬ 
plain  vny  heating  at  the  same  temperature  vitbout  load,  even  for  a  ruc'n  longer 
period  of  time,  fails  to  result  in  diffusion  of  the  vacancies  tovard  the  grain 
scundaries,  vhere,  upon  subsequent  application  of  load,  they  should  ismediate- 
ly  manifest  themselves  as  cracks.  On  the  other  hand,  intercrystalline  failu'^* 
IS  observed  in  the  main  even  at  temperatures  at  which  diffUsicn  processes 
play  no  part,  or  at  very  nigh  temperatures  tut  in  a  period  so  short  that  it 
must  oe  insufficient  for  diffusion  of  the  vacancies  and  their  gathering  in 
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colonies. 


ITe  merest  that  a  prominent  part  is  played  in  the  resistance  of  netals 
to  plastic  defornation  and  failure  at  high,  as  uell  as  at  nediun  and  Iot,  tea- 
teratures  by  the  partially-ordered  structure  of  the  boundary  of  the  grains,  in 
-hose  central  portion  it  approaches  the  "aaorphous"  structure.  In  conseiiuence 
of  this,  as  ras  suggested  as  long  ago  as  the  first  quarter  of  this  century 
/cf.  325/  and  discussed  in  greater  detail  on  /^ssia^  pages  12  and  215,  the 
oasic  properties  of  aaorphous  .lodies  aust  to  a  large  extent  he  inherent  in  it. 

•Ihe  foiiouing  properties  typical  of  anorpbous  aaterials  are  of  interest 
insofar  as  they  apply  to  heatproof  alloys. 

i.  ?he  high  dependence  on  tiae  of  their  capability  of  deforsation.  Be- 
fomation  in  then  is  acconplisaed  throuf^  viscous  flov  and  ccccrs  under  very 
snail  loads,  even  their  can  veight,  if  the  loads  act  over  a  fairly  lengthy 
period  of  tiae.  It  is  of  interest  to  note  that  Ta.  I.  Freniel*  /6l87  adnitted 


.ne  possioiiity  oi  eiistenc 


Ox  vxd' 


sous  flov  even  in  crystals  in  the  event  of 


extrenely  snail  spalling  forces  and  a  /ery  long  period  of  their  action. 

2.  A  nuch  nore  abrupt  change  in  their  properties  vith  change  in  teaper- 
ature  than  in  the  case  sf  crystalline  aaterials.  In  particular,  the  capahil- 
ity  of  defomation  ~aj  neans  of  viscous  flov  is  greatly  increased,  vhile  the 
i*  5f  the  tiae  factor  decreases  sharply  vith  rise  in  tezperature, 
and  at  tenperarures  near  the  end  of  softening,  the  effect  of  tine  is  diffi¬ 
cult  to  detect. 

It  tnua  seens  to  us  that  the  length  of  the  period  during  vhlch  the  aetal 
is  under  lead  plays  a  decisive  part  here,  in  connection  vith  the  first  fea¬ 
ture  of  the  boundary  layer  of  the  grains  as  an  "anorphous"  substence.  Slip 
nechanisns  of  plastic  defomation  in  the  grain  predoninate  along  the  left-hand 
branch  of  the  line  an  Figure  502c,  i.e.,  with  a  relatively  short  period  of  load 
action  (this  period  nay  be  the  longer,  the  loeer  is  the  tesperature).  Eence 
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occurs  rich  ciue,  Tor  Che  ger-eral  reasons  referred  co  abcre,  throU;^ 
graduai.  local  rupcare  of  che  interacoric  bonds  and  is  incracrystalliae  in 
creep  race  in  chis  case  decreases  rith  cine  due  Co  the  pre- 
doninance  of  harcening  over  sofcening,  as  in  ordinary  *'seai-hardeiu.ng” .  Tith 
decrease  in  che  scress  and  increase  in  Che  period  of  its  application,  deforsa- 
cicn  ox  cae  boundary  layers  of  the  grains  by  viscous  fior  begin  to  predcsinate. 
rnis  reads  to  gradual  "separation"  of  the  grains  and  finally  to  tough  fracture, 
bu-  of  cae  boundary  layers,  noc  che  grains.  "Phe  grains  thenselves  are  scarce- 
osiomed  at  all  or  undergo  slight  defomation  in  this  case,  vnile  the  de¬ 


cisive  porcicn  of  che  final  defomaCion  of 


ihe  specinen  is  che  result  of  sep- 


grains.  Eie  creep,  consequently,  should  proceed  at  an  increas¬ 


ing  race  in  che  second  st, 


age  and  pass  to  the 


stage  relatively  early. 


s^nce  -he  area  of  the  boundary  layer  decreases  vith  tine  (sonething  of  the 


nacure  of  a  "neck"  is  fcmed'. 


and  Che  true  stress  rises,  as  is  observed  for 


sranple  upon  ch< 


e  e. 


longaticn  of  a  locally  heated  glass  stick  or  plate.  It  is 


-o  be  seen  fron  che  schenacic  in  figure  %yj  chat  the  separation  of  the 


grains 


nust  also  he  acconpanied  by  displacsnent  of  the  latter  along  the  be  boundar¬ 


ies 


,  and  both  separation  and  displacenent  nust  proceed  over  broken  planes. 


ind  it  is 


:his,  apparently,  vhicb  is  the  so-called  interciystalline  plasticity. 


processes  of  plastic  de- 


c^assiried  oy  i.  a.  Going  /TI^Z  the  peripheral 

lomacion  and,  as  has  been  denonstrated  in  certain  vorks  /7l67,  playing  tr 


leading  rol 


®  scresses  ceasing  lov  creeo  rates. 


ise  authors  of  the  hypotneses  of  che  decisive  role  of  vacan<gr  diffusion 
Lte  as  highly  inportant  proof  of  then  fcl.  71^  the  closeness  of  che 
Lon  energy  values  for  failure  processes  (or  for  the  steady  creep  stage) 


actiTs* 


anc 


seir— difrusioB  in  inter’ciyszaiiine  iailuxe*  ?i: 


actxTatxcn 


.2»s,  Tor  ezanple.  Tor 
energy  of  failure  is  about  40  kcal/nole,  and  the  accivation 


eze: 


rgy  oi  self-diffusion  about  59  kcal/nole;  for  platinun  they 


are  ^0  and  75 


kcal/nole  respectively-  s( 


»e,  on  the  other  hand,  are  inclined  to  see  confimati 


on 
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of  ^he  failure  nechanlss  suggested  by  us  in  the  clcsesess,  established  by  ex- 
seriaeat  for  relatively  pure  aetsls  /cf.  S50  et  al^7,  of  the  values  of  the 
activation  energy  for  breakcoun  and  creep  in  the  event  of  iatercrystalline 
iaiiure  at  high  tenperatures.  The  point  is  that  in  anorphous  bodiesj  trbich 
one  nay  to  a  large  extent  consider  the  central  portions  and  boundary  layers 
of  grains  of  netals  to  be,  the  physical  nature  of  breakdoun  and  plastic  flo* 
is  funaanentally  the  sane-  Hence  the  values  of  activation  energy  for  bresk- 
co»n  ann  creep,  detemined  under  conditions  in  vhich  both  processes  occur 
cnaeiiy  due  to  viscous  flor  of  the  boundary  layer,  stust  be  close  as  reil.  In 
tne  case  of  rstracrystaiiine  breakdown,  however,  when  plastic  defomation  re¬ 
sults  Citefiy  fron  slip  processes,  the  activation  energy  for  creep  nust  be 
nucn  snaiier  than  that  for  breakdorp.  It  is  to  be  seen  fros  Table  66,  taken 
^roa  the  sork  of  S.  2«.  Zharkov  and  T»  ?.  Sanfirova  and  pertaining  to 

low  teaperatures,  that,  for  exaaple  for  the  sane  saterials  glun-i-run 
and  piatrnun,  tne  activation  energy  for  creep  in  this  case  is  actually  5  to 
^•5  tines  saailer  than  the  activation  energy  for  breakdown.  The  latter  is 
nuch  greater  here  than  in  the  case  of  intercrystalline  fracture,  and  near  the 
susiination  ener^,  the  basic  characteristics  of  the  bonding  energy.  This  is 
quite  understannabie,  since  the  bonding  energy  in  the  grain  is  mich  greater 
tha-  in  the  boundary  layer.  This  is  confimed,  for  exaaple,  by  tL.  hi<^  c-^apor- 
abiiity  of  the  grain  boundaries  upon  heating  in  vacuo,  etc.  As  to  the  activa- 
sioB  ensr^  of  self-diffusion,  in  both  intraciystalline  and  intercrystalline 
failures  ail  unthors  cite  for  it  values  found  for  the  case  of  diffusion  in  the 
grain,  nence  it  is  snaller  in  the  case  of  intraciystalline  breakdown  than  the 
activation  energy  of  breakdown  (Table  80),  being  0.6  to  0.?  of  the  value  of 
she  subiiaation  energy,  while  in  the  case  of  intercrystalline  breakdown  it  is 
found  to  be  near  tne  activation  energy  for  breakdown  and  creep  because  the 
ia.ter  are  snaller,  elthou^  it  is  apparently  not  directly  related  to  then. 
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The  breakdcsR  sechanis:!  proposed  by  us  at  hi^  teuperaxures  is  confirmed 
by  naay  facts  aad,  is  parxicular^  by  the  preli— laary  results  publisaed  by 
2i.  G.  Losinskiy  ard  Ye-  1-  Aiitipo'»a  /7i27  of  direct  observatioas  (oa  the  pol— 
ishec  surface  of  speciaeas)  of  the  chaag;c  ia  the  aicrostructure  of  alloys  la 
the  process  of  their  high-teaperature  beatiag  uader  load  ia  vacuo.  The  pro¬ 
cess  coasistiag,  ia  our  opiaioa,  of  gradual  "separatioa"  of  the  graias  is  to 
be  saea  caite  distiactiy  ia  this  study  ia  the  Si  +  Cu  alloys,  aad  the  fiaal 
def  oraatioa  of  pis*  is  illustrated  by  the  photoaicrographs  presented  by 

the  authors,  aay  be  ascribed  alaost  entirely  to  separation  of  the  grains. 


Figure  507 .  Diagraa  of  "separation" 
of  grains  in  different  stages 
of  loading  at  high  teaperatares 

1  -  initial  condition; 

2  -  intemediate  condition;  and 
5  -  breakdown. 


Shosa  ia  Figure  506  are  certain  cicrostructures  froa  the  vork  of  Vad  and 
Kasaiager  /95^.  in  vhich  speciaens  of  99*96^  pure  alaair.ua,  after  prel.iaisary 
S-9^  cold  deforaatioa,  vere  subjected  to  tension  at  various  tenperatiires  and 
at  a  varying  rate  (the  si os  deforaatioa  in  Figure  508  corresponds  to  an  elonga¬ 
tion  of  O.lg  per  hour  and  the  rapid  defomation  to  10^  per  cinate).  In  the 
authors'  rork  these  photographs  ere  given  perallel  to  2-ray  photographs  as 
proof  of  the  foraation  of  a  "substructure",  i.  e.,  breaking  up  of  the  grains 
into  blocks,  cells  Those  diaensions  increase  rith  rise  in  teuperature  re¬ 
duction  of  the  rate  of  defomation.  ae  present  these  photographs  of  specisens 
rhich  have  undergone  breakdosn  ij:  order  to  point  out  the  thickening 
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of  the  boundary  layers,  it  being  is  o'u-  opinion  the  result  oi  viscous  j.~ov 
of  the  latter  resulting  in  "separation  oi  tne  grains  alon^  w**e  b.o^en  — — n 
of  the  boundaries.  It  is  to  be  seen  fron  Figure  y05  that  separation  of  khe 
grains  is  intensified  sith  rise  in  tenperature  and  reduction  o.  the  o* 

ceforaation.  'fbus,  ranid  dcfornation  at  400  ^Fig.  pOOas  yiei*.s  spproxiaately 
the  sane  picture  as  slcr  defomation  at  200^  (?ig»  pi^Sh).  In  »be  case  of 
rapid  defomation  at  200®  {Fig.  50£c),  cn  the  other  hand,  no  separation  of 
the  grains  is  to  he  seen,  and  slip  oefomation  in  the  grain  predotiinai.0S» 
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hote.  is  the  activation  energy  for  breakdown  (its  value  obtained  oy  ex- 
tranolation  to  zero  stress) ;  F  that  for  seif— diffusion  (based  on  ref¬ 
erence  data)j  A  that  for  the  steady  stage  of  creep  (based  on  reference 
data);  Q  the  subiination  energy.  'Se  have  entered  the  2  for  Pt. 


Localisation  of  defomation  in  the  bonndary  layer  ras  observed  in  the 

study  by  2.  S.  Yakovleva  and  H.  Y.  Yakatovich  nentioned  above,  in  a 

specinen  of  59. pure  aluninun  consisting  of  one  crystal  in  section  and  2 

to  5  crystals  in  length,  rhich  failed  in  iO  hours  under  a  stress  of  0.144 

kg/m*^  at  35O-0OO®.  arith  silver  aonocrystai  vires  (7.1  ca  in  diaaeter  end  vlth 

a  design  length  of  about  4  ca,  after  282.5  hours  at  910*  sn  elongation  of 

2 

C.OO5  cn  under  a  stress  of  0.00154  kg/aa  end  0.001  ca  under  a  stress  of 
O.COII6  kg/aa  vere  obtained,  while  uith  the  sane  polycrystailine  wire  under 

.  f 

the  sane  conditions,  the  elongation  under  a  stress  of  0.00128  kg/aa“  aacunted 
to  0.038  ca  /ip?/-  The  difference  cay  be  ascribed  to  viscous  fiov  of  the 
boundary  layers  of  the  polycrystailine  wire.  This  also  apparently  explains 
the  5  ti=es  greater  decrease  in  density  with  tics  sTid  earlier  (/\#  5  tines) 
appearence  of  the  third  creep  stage  in  polycrystailine  aluainua  at  250°  and 
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ur.der  d*  =  2.2  ,  observed  by  Khessen  and  Uiller  62^f  as  conpared 

ro  a  conocrystai  under  tae  sane  condirions.  Ir  is  sharacteristic  here  that 
■.r.ere  sas  a  particularly  appreciable  decrease  in  density  in  the  third  creep 
stage,  in  our  opinion  this  is  due  to  the  circumstance  that  the  separation  of 
-ne  grains  only  appears  to  be  a  crack  on  the  section.  In  reality,  hoireirer, 
v.ns  separation  of  the  grains,  in  contrast  to  abruption,  is  still  not  a  crack 
-n  tne  inxtiai  ana  intemediate  stages  and  is  transforned  into  a  crack  only 
men  tcugn  fracture  of  the  boundary  layer  begins  oslcg  *to  the  formation  of  a 
"neca".  it  follows,  asong  other  things,  that  up  to  a  certain  stage  of  loading 


--^'c  tine,  it  should  be  possible  to  "’heal*' 


sucn  casages,  is  contrast  to  tne 


da— ages  causec  by  rupture  of  the  interatomic  bends.  In  this  apparently  lies 
wse  essence  ci  increase  in  plasticity  and  ductility  oxing  to  heat  treatnent 
o..  a  speemen  cciore  a  certain  length  of  the  period  of  its  service  is  exceed¬ 
ed  (^ussian7  page  55o),  and  to  intemediate  heat  treatnent  esployed  at  var¬ 
ious  stages  01  the  heating  of  a  specicen  under  load. 

Fatigue  fracture,  even  at  high  tenperatures,  generally,  i.  e.  in  the  ab¬ 
sence  01  efisct  by  otner  factors,  passes  along  tne  grain,  apparently  because 
khe  auration  of  chat  portion  of  the  cycle  during  vbich  the  specinen  is  sub- 
iec.ee  .0  application  of  load  of  one  sign  is  inalecuate  to  cause  viscous  flov 
Oj.  .ne  boundary  layer  of  the  grain.  For  this  reason  the  breakdo<ui  process  oc¬ 
curs  here  as  a  result  of  plastic  defomation  in  accordance  vitfa  slip  sechan- 
isns  and  of  local  rupture  of  the  interatomic  bonds  in  the  grain.  But  at  hi^ 
.enperarores  the  genaral  time  dependence  of  the  strength  has  a  greater  effect, 
in  censeouence  of  vhich  the  right-hand  segnent  of  the  horisontel  line  is  trans- 
fomed  into  a  sloping  strai^t  line  (Fig.  505),  i.  e.,  the  "fatigue  iinit-  is 
levered  vita  increase  in  the  nuuber  of  cycles. 

ia  (honolofious)  teaoerature.  the  behavior  of  the  boundary  layer 
of  the  grains  is  affected,  in  cur  opinion,  by  a  second  typical  property  of 
anomhous  bodies,  the  sharp  increase  in  their  capability  of  plastic  flow,  in 
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consecue:;ce  o 


reduced. 


Thus,  as 


f  rhich  ir.e  role  of  ihe  ti::s  factor  is  greatly 
550^  rapid  deforaatior  of  alurijiur  {?ig-  508e}  leads  to  approzicate^y  tae  saae 
separation  of  the  grains  as  slor  defcraation  at  /v^ JOO  V?io*  508d/.  Eapid 
deforaation  at  5^0'  (?ig.  50Sf),  and  at  400°  (?i£.  506-)  yields  a  parti tul arly 
sharp  picture-  Ir  the  rork  referred  tc  aoove  ^712/,  the  duration  of  load  ap¬ 
plication  to  lli-Cu  afioys  ao  to  failure  did  not  exceed  14  hoars,  hat  the  tea— 
perature  ras  650°,  i.  e-,  abt—  O.oT^^^^f  aa<i  the  stress  6.7  Eg/—  *  ^ 
other  harsd,  V.  I.  3aailovskaya  and  other  /8557  observed  in  the  pOSThm  steel  a 
retardation  of  relaxation  in  the  event  of  prelininary  creep  under  a  stress  of 
20  kg/nn^  for  25  hoars  at  a  tenaeratare  of  about  0.4T  ..  (560°C),  while  the 

sane  plastic  d . ; omation,  bat  obtained  by  preliainary  short-tine  extension  at 
the  sane  tenperature,  scarcely  had  an  effect  on  the  relaxation  rate.  This  in¬ 
duces  the  authors  to  infer  a  difference  between  the  nechaniss  of  creep  and 
that  of  ordinary  plastic  defomation.  Apparently,  in  consegaence  of  the  great 
effect  of  the  tine  factor  at  this  tesperatnre,  in  the  case  of  creep  the  defor- 
nation  ras  accunalated  chiefly  throa^  viscous  flow  of  the  bcandary  layers  of 
the  grains.  In  the  case  of  preliainary  short-tina  extension,  dn  the  other 
hand,  the  plastic  defomation  was  due  only  to  a  slip  ceebenisn  within  the 
grains.  Consequently,  the  authors  apparently  were  dealing  in  reality  with 
different  nechanisss  of  the  process. 

It  is  to  be  noted  in  this  connection  that  the  concept  of  the  so-called 
"ecai cohesive"  tenperature,  abeve  which  failure  is  antercrystalliae  in  nature 
and  below  which  it  is  transorystelline,  is  generally  speaking,  devoid  of  ssan- 
ing.  There  are  indications  in  the  literature  /cf^  IVQ  that  the  eqnicohesive 
tesperatiire  is  not  ccnst2u:t,  bat  rather  depends  on  the  stress  and  creep  rate. 

In  fact,  on  the  one  hand.  In  the  event  of  a  very  short  load  application  even 
at  a  very  high  tenperature,  it  is  possible  to  obtain  intraciystalline  fracture. 
Thus,  for  exanple,  it  was  desenstrated  in  an  old  study  by  Bsheffris  /cf.  62^ 
that  at  950°,  i.  e.  0.9T_  a  copper  wire  was  tou^  fractured  along  the  grain 
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uncer  a  scress  of  1.75  'as/—  ia  5  seconds  and  exhibited  a  brittle  failure 
along  tne  grain  boundaries  under  a  stress  of  G.5  kg/na^  in  60  seconds.  Gn  the 
o-hcr  nand,  m  the  event  of  a  very  long  exposure  to  stress,  it  is  to  be  ex- 
pcc.ed  tnat  tne  failure  nay  be  iatercrystalline  even  at  noderate  teaperatures 

xoule  have  been  possible  to  confirc  this  thesis  with  ex— 
i-acws  as  well,  but  ne  refrain  fron  dcing  so.  because  in  alaost  all 
■^uen  exnspies  availaole  tans  far  there  is  no  certainty  that  additional  factors 
_es-onSibie  iOr  a  change  in  the  condition  and  properties  of  the  houndaxy  layer, 
rcuid  not  have  been  reflected  therein. 

ano.her  hignly  mportant  feature  contributed  by  a  high  operating 
tenperarore  lies  in  the  fact  that  the  tendency  of  the  alloy  to  achieve  theruo- 
-  ®  oalance  nay  nersupon  oe  realized,  this  leading  in  a  nnaher  of  cases  to 
lowering  of  the  alloy* s  resistance  to  creep  and  breakdown.  2his,  for  eiaaple, 
in  alloys  aged  oy  precipitation  hardening  through  annealing  at  a  tesperatnre 
below  tha  operating  tenperature,  coagulation  of  the  strengthening  phase,  its 
reverse  solution,  or  further  precipitation  of  it  froa  the  supersaturated  solid 
solution  nay  occur  in  the  process  of  service.  In  alloys  hardened  by  cold  work¬ 
ing,  tha  process  of  restitution  or  recrystsUixation  say  occur  at  ths  operat¬ 
ing  tenperature.  In  alloys  in  which  netastable  earhidea  were  precipitated  as 
a  result  of  hardening,  diffusion  of  the  eleaents  froa  the  solid  solution  to 
the  carhide  phase  up  to  the  fomation  of  stable  carbides,  as  well  as  sph^id- 
iting  of  the  carbides,  grapnitization,  etc.,  aay  occur  at  the  operating  tes- 
perature.  Ia  the  case  of  long  ea^sure  to  the  effect  of  temperature,  process¬ 
es  —  which  in  certain  instances  are  stiU  unknown  —  aay  take  place  in  the 
solid  solution  itself  and  cause  a  considerable  stability  of  the  latter.  She 
stresses  created  in  the  alloy  by  the  effective  load  cay  intensify  such  pro¬ 
cesses. 

The  enunerated  highly  iaportant  features  of  the  effect  produced  by 
operating  tenperature  also  detemine  the  peculiarities  of  the  ali<^ng 
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ar.a  heat  ^refc;=e2^  of  heat  resistast  and  theraaiiy  stable  steels  and  alloys- 
-he  sethods  of  ailoyisg  and  heat  treating  such  steels  sast  thus  vary  ia  rela¬ 
tion  to  their  proposed  duty,  i.  e.,  operatins  tcsperature,  stress,  and  length 


oi  service. 


Petals  (alloy  hase^  and  sintrle-nhasa  alloys 


5he  interatcnic  bond  of  th*"  .atrix  netal  zust  possess  a  high  strength. 
For  heatproof  alloys,  as  it  foilors  fron  the  presuned  role  of  the  grain  hsan- 
daries  ve  have  discussed,  it  is  necessary  in  addition  to  find  seass  ■»hich 
either  lead  to  incr^  he  order  of  atonic  arrangenent  in  tha  boundary  lay¬ 


er  cr  to  the  fomat- 


.t  of  phases  vita  very  strong  interatonic  bonds,  or 


to  both  sisul'  raeousiy.  “She  strength  of  the  interatonic  bend  say  in  the  first 
rough  approxinaticn  he  characterized  by  the  neliing  tesperatcre.  She  latter 
for  heatproof  alloys  is  also  an  isnortant  independent  characteristic,  inas- 
xnich  as  it  detemines  the  upper  tenperature  Unit  zhich  an  alloy  My  ^  gen¬ 
eral  withstand.  2ut  in  addition,  the  bi^er  the  selling  tenperature  of  the  al¬ 
loy,  the  lover  the  hcnologous  tenperature  to  which  a  given  operating  tenpera¬ 
ture  corresponds.  Hence  for  service  at  bl£h  tenperatares  use  is  nade  of  al¬ 
loys  based  on  iron,  nickel,  and  cobalt,  while  for  service  at  veiy  hi^  tenper- 
stures  alloys  based  or.  chrcsi'rs,  solybdezsa,  which  ere  even  core  high-nelting^ 
and  have  a  greater  interatonic  bond  strength,  are  being  developed. 

^e  interatonic  bond  strength  apparently  also  detezeines  chiefly  the  dif¬ 
ferent  heat-resistance  of  steel  with  an  o(  and  'Jj'  lattice.  According  to  oar 
assunptions  (page  215),  reaistence  to  lev  plastic  deforsation,  *T7n  hence  to 
'creep  as  well,  is  detersined  principally  by  the  interaction  of  ions  in  the 
netallic  bond,  vhich  interaction  is  the  greater,  the  larger  the  xuaber  of  un¬ 
paired  eieitrons  per  atoz,  and  decreases  with  increase  in  the  interatozi.c 
distance.  Sae  forces  of  this  cosponent  of  the  netallic  bend  in  cK  iron  are 
nuch  greater  than  in  j  iron  (see  page  34),  this  being  evidenced  by  the  greater 

■‘^he  hi^-nelting  point  is  nevertheless  only  ai  necessazy,  bat  not  always  suf¬ 
ficient,  factor. 
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ihersal  expansion  coefficient  of  tse  latter.  She  rate  of  diffusion  and  i.eif- 
diffdsion,  on  the  other  hand,  is  deterained  by  the  full  strength  of  the  cet- 
allic  bond,  »hich  is  greater  in  ^  iron,  as  is  attested  to  a  certain  extent 
by  its  greater  nodulus  of  elasticity  than  the  0(  iron.  Also  associated  xith 
a  lower  rate  of  self-diffasion  is  the  hi^er  recrystallization  teaperatnre 
of  ^  iron  as  conaared  to  iron,  this  being  of  independent  positive  signifi¬ 
cance  fros  the  standpoint  of  heat-resistance.  Moreover,  the  response  of  y 
iron  to  rori  hardening  is  gr^^ter  than  that  of  o(  iron.  Finally*  the  order¬ 
liness  of  the  atonic  arrangenant  in  the  grain  boxtndaxy  layer  is  also,  appar¬ 
ently,  greater  for  the  "Jj  iron  than  for  the  o{  iron*  as  we  assnne  this  to 
be  evidenced  by  the  behavior  of  austenitic  steels  upon  defoxaatioc  and  fail¬ 
ure  in  the  region  of  noderate  and  low  tenperatares. 

Hence  at  relatively  low  operating  tenperatares*  ap  to  0.3  - 
ferritic  or  paarlitic  steels  possess  a  slgtxT  creep  resistance  so  long  as 
slip  nechanisns  of  plastic  defomation  predosinate.  At  higher  tenperatares* 
when  diffusion  plasticity  nechanisns  begin  to  prevail*  the  aastenitic  steels 
have  a  greater  creep  resistance.  Fesrlitie-ferritic-nartensitic  steels  aay 
thus  be  enployed  as  themally  stable  steels.  For  heatproof  steels  and  alloys* 
on  the  other  hand*  use  should  be  aade  of  aastenitic  steels  or  alloys  based  on 
other  natrices  with  a  }f  lattice  such  as  nichel  and  cobalt. 

In  alloys,  the  role  of  the  interatoaic  bonds  is  in  the  sajority  of 'cases 
canoaflaged  by  stxactural  factors.  In  a  sore  direst  fora*  it  is  sanifested 
in  the  solid  solutions*  although  even  in  tbsa  other  factors  still  rsttiet  thot- 
seives  felt*  in  particular  distortions  of  the  czys^al  lattice  of  the  solvent 
by  the  atons  of  the  solute  elsent.  with  one  and  the  sane  solvent*  the  inten¬ 
sification  of  ion  interaction  ceased  by  increase  in  the  naaber  of  unpaired 
electrons  par  ntoa  sboald  lead  to  an  increase*  to  one  extent  or  another*  of 
creep  resistance  if  both  slip  and  diffbaioc  xeebanisas  cf  plastici^  predoni- 
natc. 
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chror.ig-,  and,  to  the  greatest  ezzest,  scljrhdaimz  increase  the  creep  resistance 
or  iron,  rhe  effect  of  coiybdenan  say  be  seen  fron  Figure  308  ^5^ s  »hich 


is  given  the  value  of  stress  causing  failure  or  creep  at  a  rate  of  0.1,  0.5» 
and  1^  per  100  hours  at  650*^.  Sungsten  b«^  the  sane  effect  on  the  creep  re¬ 
sistance  cf  iron.  As  it  nay  be  seen  fros  Figure  17,  iu  which  the  ionization 


Figure  309.  Effect  of  solyhdenua 
on  resistance  of  Fe-Ko  allots 
to  failure  and  creep  at  63O  : 
^ -  failure;  •  -  19(  creep  in 
100  hours;  z  -  0.3)^  aase; 
e  -  0.1)(  sase;  2 

(a)  stress  O*  ,  kg/aa 


potentials  of  iron  and  nickel  lOien  th^  are  solTents  are  narked  with  crosses, 
all  these  elenents  nust  add  an  electron  tram  the  iron  or  nickel,  increasing 
the  nunher  of  unpaired  electrons  per  aton  in  their  lattice  and  intensifying 
the  interaction  of  the  ions.  Increase  in  the  strength  of  the  interatoaic 
bond  in  the  nickel  lattice  ^en  it  is  alloyed  separately  with  chrosiua,  alua- 
inux,  or  titaniun,  has  also  been  established  by  ezperiaent  /63^.  TbB  sane 
is  true  of  chroaiua  and  sanganese  when  iron  is  alloyed  with  then.  Silicon 
also  augsents  the  creep  resistance  of  iron,  although  it  reduces  the  strength 
of  the  interatoaic  bond  in  the  latter  (see  ^ossia^  page  37)-  We  are  in¬ 
clined  to  ascribe  this  circnnstance,  as  well  as  the  increase  by  silicon  of  the 
yield  point  of  ?ron  at  roon  tesperature  (see  ^lasia^  pcse  228),  to  the  fact 
that  it  introduces  into  the  alli^  an  appradahla  share  of  the  cowalent  bond. 


t  t  s  »  It  n 
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■ihe  basic  property  of  ~hich  is  resistance  to  plastic  dcfornationf  even 

at  elevated  tenoeratures. 

■SJhen  steel  is  subjected  to  load  under  conditions  in  uhicb  slip  aeahaa- 
isns  o5  plastic  deforaation  predouinate,  elevation  of  the  recrystallisation 
teuperature  by  the  alloying  elenent  exerts  a  positive  effect  on  the  creep  re¬ 
sistance.  “ihe  data  of  iamann  cited  celor,  vhich  have  in  the  sain  been  con- 
fimed  in  later  investigations  /i27»  ^58,  and  others7f  for  cold  worlcing  *ith 
reduction  nay  give  a  rough  idea  of  the  qualitative  effect  of  certain 
eienents  in  this  direction. 


Content  of  eie- 
nent,  (atonic) 

Siectre- 
iytic  ?e 

4ll 

2Si 

2? 

4Cr 

4Co 

45i 

2Ko 

IT 

2ecrystallina- 
tion  tanoera- 

520 

600 

600 

620 

700 

640 

600 

750 

760 

ture,  C. 

Insofar  as  concentration  of  the  solid  solution  is  concerned,  it  has  been 
cenonstrated  in  a  ncnoer  of  studies  by  !•  !•  Comilor  end  others  that  in  both 
binazy  and  nore  coupler  solid  solutions,  sith  increase  in  the  content  of  the ' 
elenent  the  heat  resistance,  ahich  uas  detexsined  by  the  centrifugal  nethod, 
increased  until  naiisua  solubility  of  the  eluent  in  the  alloy  base  ras 

at  the  given  tesperatare  and  decreased  upon  transition  to  the  diphase 
region.  ?he  formation  of  the  chesicel  coaponnd  is  accospanied  hy  singular 
pornts  on  the  exposition— heat— resistance  diagras*  ils  an  exanple  ve  shov  in 
310  Z^3i7  *^6  change  in  heat  resistance  at  800^,  characterized  by  the 
transverse  deflection,  of  nickel— chrosiun  alleys  sith  changing  chrosins  con¬ 
tent,  as  coapared  to  a  portion  of  the  structaral  diagraa  of  the  5i  -  Cr  aystea. 

In  reality,  hovever,  it  is  to  be  expected  xhat  the  effect  of  the  solid 
solution  conposition  on  the  creep  resistance  sill  not  be,  or  at  any  rate  sill 
^ar  fron  alsays  be,  sell-defined  and  that  it  nust  itself  vary  in  relation 
to  the  test  or  service  conditions  of  the  alloys  tesperature,  duration,  stress, 
sis  tell  as  in  relation  to  the  distribution  of  the  given  eleaent  in  the  grain 


3;cl-659/Y  (2) 


39 


and  in  its  boundary  layer.  In  nore  recent  investigations,  I.  I.  Kornilov 
and  otners  nave  also  conrimed  the  Tact  that  the  content  or  the  a_loy— 

ing  eleneat  oatioin  iron  the  standpoint  of  heat  resistance,  nay  be  either 
greater  than,  or  equal  to,  or  less  than  its  naxinus  solubility  in  the  base, 
depending  on  the  test  tenperature.  She  eraaple  shcan  in  ?igare  yll*  *hich  is 
based  on  their  investigations,  nay  serve  as  an  illustration.  It  shows  the  ef¬ 
fect  of  titasiun  on  the  heat  resistance  of  alloys  of  nickel  with  20^  Cr  at 
various  tesperatures  as  against  the  solubility  line  of  titanius  in  this  base. 
She  tine  to  achievenent  of  a  sag  of  3  atid  5  in  testing  by  the  centriftigal 
nethcd  served  as  the  ciiaracteristic  of  heat  resistance  in  this  case. 

Increase  in  the  strength  cf  the  interatosic  bond  in  the  solid  solution 
lattice  due  to  certain  elenents  should  also  lead  to  increase  in  the  losg-tem 
strength  of  the  alloT  due  to  the  hi^er  tear  resistance  value.  We  shall  note 
only  that  a  substantial  increase  in  the  long-tera  strength  owing  to  weakenirg 
of  the  diffusion  processes  nay  he  achieved  even  when  the  interaction  of  the 
ions  is  intensified.  Thus,  golyodenun  also  increases  the  long-tem  streiigth 
of  iron  nore  intensely  than  do  other  elenents.  According  to  the  data  of  re¬ 
cent  investigations  tungsten,  if  its  content  is  expressed  in  atonic 

percentage,  is  just  as  effective  as  nolybdenos,  while  vanadiuB  alone,  if  dis¬ 
solved  in  the  iron,  scarcely  affects  its  long-tem  strength.  On  the  other 
hand,  to  increase  the  Icng-tem  strength  by  increasing  the  tear  resistance, 
it  is  necessary  chiefly  to  strengthen  the  basic  conponents  cf  the  aetallic 
bond.  !2his  csn  be  achieved  (as  with  the  conventional  structural  staels)  to  a 
lesser  extent  by  alloying  and  to  a  nuch  greater  extent  by  seans  of  the  struc- 
kural  factor  and  type  of  lattice.  It  is  apparent,  in  particular,  that  steels 
and  alloys  with  a  lattice  for  this  reason  also  have  higher  values  of  long- 
tera  strength,  and  not  serely  those  of  creep  resistance  at  a  high  teaperature 
than  do  steels  with  an  o(  lattice. 
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?he  usually  observable  inueusificauioa  of  uhe  energy  of  interatonac  an- 
ic-racaion  of  she  alloying  elenenr  -axih  the  base  vhen  other  eienents  are  present 
in  the  alloy  (see  rage  36)  is  resaonsible  for  the  fact  that  at  is  aostly  the 
nulticozponent  solid  solutions  that  even  at  hi^  tenperatures,  are  sore  intense¬ 
ly  strengthened  than  the  binary  ones.  Shis  is  sost  sharply  revealed  in  the  case 
of  short-tem  load  application  (see  Sable  87  ^2^).  But  the  interaction  of 
the  eienents  has  an  appreciable  effect  on  bcth  the  long— tem  strength  and  the 
creep  resi  stance.  Shus  it  has  been  desonstrated  /o6^  that  pearlitic  steel 
containing  l.yfb  Ho  and  Y  sinultaaecusly  has  at  650°  a  high©-  long-tera 
strength  than  steel  containing  3.2»  xo  or  5*5^  T'  separately.  The  interaction 
of  tungstsn  and  nolybdenun  in  pearlitic  steel  engnents  the  creep  resistance, 
vhile'  scarcely  increasing  the  long-tera  strength  as  against  the  total  strength. 

.  “'ccizrTX] 
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?ig.  310.  Effect  of  chronian  on  the 
heat  resistance  of  Ki-Cr  alloys  at 

600°i 

1-15  hours;  2-10  hours; 

5-5  hours;  4-1  hour; 

(a)  Tesperature,  °C; 

(b)  Transverse  deflection, 
sa;  (c)  Cr,  56  (by  weigsit) 


•it  a  a  js  ^  13 

^Cr.7.(t£C) 

To  increase  the  creep  resistance  and  long-tera  strength  when  the  latter 
is  ezhsusted  in  consequence  of  intercrystalline  failure,  it  is  eztrenely  im¬ 
portant  to  increase  the  strength  of  the  interatosic  bond  chiefly  is  the  boun¬ 
dary  layer  of  the  grain.  Osing  to  this,  the  distribution  of  the  alloying 
eienents,  as  veil  as  of  the  inpurities  between  the  grain  and  its  boundary  lay¬ 
er  acquires  eves  greater  inportasce  as  it  applies  to  heatproof  alloys  than  it 
has  for  steels  for  other  purposes.  The  role  of  this  factor  is  heightened  with 
elevation  of  the  operating  tesperature  and  decrease  in  the  creep  rate,  i.e.. 
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Pigare  511.  Kxfecz  of  titaaiun  on 
zhe  fire  resistance  of  nickel 
alloys  irith  kOja  Cr  at  various 
tenperatures : 

1  -  solubility  line  of  titaniun 
after  24-hour  anneal;  2  -  naxi- 
cun  solubility  line  after  pro¬ 
tracted  holding;  5  ~  boundaries 
of  region  of  greatest  heat  re¬ 
sistance;  4  -  alloys  of  aaTicaa 
heat  resistance;  ^ 

(a)  ^enperature,  C. 

gable  S7 

Strength  of  Sickel-2ased  Solid  Solutions  at  Various  gesperatures 


toys 


rtre  me.-: 


rises  strengthenea  . . 


kx/nn?  at  s  tesoerstarej  ■'®C,  of 


I  300  I  I 

28.U 


703  I  too  I 


as.o 

M.ti 

ICu.ii 


22.0 

“G.o 

H..n 

lU.O 

•1.3 

[liC.U 


I 


12.11 

C3.II 

5.2; 

iV.O 

•jg.u 
•  .S 


7.0 

•*7.0 

15.7 

UI.U 

y.« 

MT.U 

12.^ 


3.11 

2a.n 

•J--* 

4j.ll 

n.r 

^r'.O 


I.J* 

lu.ll 

m.o* 

13.J 

■;<i  o 


*  Data  obtained  1/  extrapolation. 


sith  decrease  in  tie  effective  stress  and  increase  in  the  duration  of  the  ser¬ 
vice  of  tna  alloy  hder  load,  ue  have  already  noted  on  several  occasions  that 
tne  vxist  sajority  -f  the  alloying  elezentsy  as  cany  facts  now  force  us  to  ad— 
=it,  is  contained  n  nuch  greater  quantity  in  the  houndary  layer  of  the  grain 
than  in  i  ae  centei  and  voluce  of  the  grain,  the  difference  increasing  sith  de¬ 
crease  in  the  tota  percentage  of  the  elenent  in  the  alloy.  Bence  when  sev¬ 
eral  or  esny  elene.  particularly  those  which  intensify  each  other*  s  effect 
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1. 

or.  the  interatocic  bead  strength,  are  introduced  sicultaneouslj  into  an  alloy 
in  relatively  snail  quantities,  one  can  obtain  above  all  a  grain  boundary  lay¬ 
er  rhich  is  highly  alloyed  by  naay  eienents  and  is  highly  heat  resistant- 
practice  confirns  this  thesis:  the  nodera  cost  higbly  beat  resistant  alloys 
checked  by  long-tern  test^  and  in  operation  have  a  basic  nass  consisting  of  a 
nulticonaoneat  solid  solution- 


Pigure  512-  Change  in  creep  resist¬ 
ance  of  iron  alloy  with  25^  Cr 
upon  being  alloyed  vitb  nickel. 

(a)  creep  lisiit,  kg/ca^; 

(b)  ga=na  phase,  %i  (s)  alpha 
phase, 


In  heterogeneous  alloys  the  structural  factor  nay  prove  to  be  the  dosin- 
ant  one.  Sovever,  the  strength  of  the  interatosic  bond  plays  a  very  inportant 
part  even  here,  both  indirectly  and  directly.  If  the  second  phase  has  lass 
strong  interatonic  bonds  than  the  basic  solid  solution,  as  its  quantity  in 
the  alloy  is  increased,  the  strength  of  the  alloy  will  decrease.  Pigure  512 
/iiO/  nay  serve  as  an  exasple;  it  is  to  be  seen  fron  it  that  vith  increase  in 
the  nickel  content  in  an  iron  alloy  vith  25$  Cr,  vbicb  increase  is  acesananied 
cy  rise  in  the  quantity  of  the  ganna  phase  and  a  corresponding  decrease  in  the 
^.“2stity  of  the  alpha  phase,  the  increase  in  the  creep  liait  at  600  and  700° 
is  practically  rectilinear.  Hence  when  ferritixing  elenents  such  as  titaniun, 
noaybdenun,  tungsten,  etc.,  are  dissolved  in  an  £astexu.tis  base,  their  positive 
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cease 

appea 


.  oa  the  creea  resistance  shen  contained  in  a  cer-ain  percentage  cuy 
and  subsequently  be  replaced  by  a  negative  erfect  an  consecuence  ox  t: 
■ar.ce  of  the  alpha,  phase,  "his  ii:tits  the  use  of  ferritiaisg  elsnoats 


L6 


in  austenitic  steel  tc  their  optinua  content,  uhich  nay  be  raised  if  the  per¬ 
centage  of  nickel,  nanganese,  and  other  eie— ents  favoring  the  foraation  of 
austenite  and  thus  ccnnensatang  for  the  effect  of  the  additional  eleseat  on 
the  lomation  of  the  alpha  phase  is  increased  in  the  alloy. 

■?he  fire  resistance  of  an  alloy  is  also  affected  negatively  by  the  pres¬ 
ence  in  it  of  other  phases  uhich  have  a  isr  interatonic  bond  strength  and  low 
nelting  temperature  sad  tear  resistance  values.  Such  phases  have  a  particular¬ 
ly  hamfui  eff  tt  if  they  are  situated  predoninantly  along  the  grain  boundaries 
or  at  the  junction  points  of  dendrites  /cf.  ByiJ.  Prevention,  or  at  least  re¬ 
duction,  of  the  probability  of  such  hamful  "boundary"  phases  nay  be  achieved 


by  enploying  very  pare  burden  materials,  for  iron  and  nickel  based  alloys  — 
pure  slth  respect  to  their  content  primarily  of  lead,  antimony,  tin,  and  sul¬ 
phur^ .  an  appreciable  effect  is  gained  by  melting  or  pouring  in  vacuo,  and 
particularly  both.  Figure  52-5  ^f»  95^  illustrates  an  example  of  the  sub¬ 
stantial  increase  in  the  100-hour  long-tsm  ultixutte  strength  of  a  high-ailoy 
metal  based  on  nickel  due  to  melting  in  vacuo. 

If,  hosever,  the  second  phase  has  stronger  interatsmic  bonds  and  a  hi^er 
malting  temperature  than  the  basic  solid  solution,it  cay,  conversely,  increase 
the  heat  resistance  of  the  alley.  According  to  A.  A.  Bochvar  ^4^  heterogem- 
imation  of  the  structiure  due  to  such  phases  may  serve  as  an  effective  method 
cf  increasing  the  heat  resistance  of  alloys  employed  as  cast.  It  cannot  be 
used  in  deformable  alloys,  since  the  phases  split  up  and  pass  through  processes 
of  coagulation  and  spharoidization.  It  is  highly  iaportsnt  here,  hovever,  that 

^11.  V.  Prldantsev  and  G.  T.  Estulin.  Stal*  ^tce^,  So.  7,  1957,  p.  636? 
cf.  also 
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;he  ccrrespor.dir.j  phases  not  he  cap:.ilc  ci'  soiatioE  in  che  basic  isass.  Tne 
head  resistance  aa;/'  otherrise  act  osiy  Tail  to  increase,  cat  even  decrease 
cecaase  a  "solation"  plasticity  aechanisn  begins  to  play  the  domnant  role* 

A  preconinance  of  the  negative  err^-ct,  caased  by  the  ^’solatioa"  aechanisn  of 
the  process,  over  the  positive  effect  of  heterogenization  -sas  observed,  for 
exanple-  in  a  copper-cased  alloy  /B??/* 

?he  phases  trhich  increase  the  heat  resistance  nay  be  forced  in  the  grain 
boundary  layers  by  the  inparities  contained  in  the  alloy  or  by  adnixtures  of 
certain  elenents  introduced  in  insignificant  cuantities.  'Thus,  for  exacple. 


:ne  acaiticn  to 


inan  of  iron  even  in  the  acount  of  O.Op/o  doubled  its  heat 


resistance  (as  deteminea  by  the  Icng-tem  hardness  cetbod),  vhile  xith  an 
Iron  content  up  to  tenths  of  one  percent  the  heat  resistance  of  the  alualnaa 
ras  tripled  or  quadrupled,  apparently  due  to  precxpitation  of  the  ?eAl_  on  the 
grain  boundaries  and  betueen  the  branches  of  the  dendrites  /857/*  certain 
steels  a  sinilar  part  is,  apparently,  played  by  the  addition  of  insignificant 
cuantities  of  boron,  but  still  cany  tines  greater  than  the  quantity  of  it  in¬ 
troduced  into  structural  steels  to  increase  their  hardenability.  As  is  to  be 
seen  fron  Figure  51^  vbich  pertains  to  austenitic  steel  with  i5S»  Cr 

and  23%  Si,  the  total  defomatiou  decreases  greatly  upon  introduction  into  it 
of  up  to  0*1-0*15^  3  and  increases  again  only  with  increase  in  the  latter. 

Precisely  this  circunstance  pemits  the  assunption  that  the  positive  ef¬ 
fect  cf  bsron  on  the  heat  resistance  of  steel  coses  as  the  result  of  the  foraa- 
tion  by  it  in  the  grain  boundary  layer  of  a  new  phase,  and  not  as  a  result  of 
its  entering  the  sclid  solution.  According  to  our  theory  (see  ^^ssia^  ?P»93 
and  16?)  T  the  boron,  being  in  a  solid  solution,  just  as  carbon,  reduces  the 
-"tcratoniu  bond  strength  and  consequently  should  not  increase  the  beat  re¬ 
sistance.  7.  I.  Prosvirin  and  others  found,  by  the  vacuus  themai 

— -‘O-*  <5f  sicrostructure  investigation,  that  in  the  austenitic  steel  referred 
to,  when  it  contains  up  to  0.12?5  3,  a  phase  is  detectea  along  the  grain 
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b«^i.r.v:aries  rrhicb  tney  assure  lo  be  &  solid  solvvion  of  boroa  in  austenite. 
hC,  on  the  other  handt  are  Inclined  to  consider  this  phase  as  chroaiuss  boride. 
The  high  heat  resistance  of  the  latter  favors  such  an  assuaption.  In  fact,  as 
is  to  be  seen  fron  Figure  55^  beloir,  the  heat  resistance  of  chroniua  boride 
at  980'”  is  only  slightly  less  than  the  heat  resistance  of  a  chroatua  based  al¬ 
loy  at  350*^.  Hence  it  is  ouite  probable  that  it  is  the  chresiun  boride  vbioh, 
being  located  in  the  boundary  layer  of  the  grain,  causes  increase  ia  the  neat 
resistance  of  a  steel  alloyed  rith  boron. 

i'he  nost  inportant  phases  capable  of  incraasing  the  heat  resistance  and 
therrai  stability  of  alloys  based  on  iron,  nickel,  and  cobalt  are  aetallic 
cospotinds  and  c  rbides-  In  this  connection  it  is  necessary  to  discuss  in 
sonerhat  greater  detail  the  part  played  hy  carbon.  Being  in  the  solid  solu¬ 
tion  (in  the  austenite)  and  decreasing  the  strength  of  the  interatcoic  bond. 


■  2  55. 
?•  is  1^ 


sso  70S  Tso  sa  m  m 

^Temarpattf^*C 


Hgure  313*  Sffeot  of  nclting  cethod 
on  the  heat  resistance  of  nickel- 
based  alloys  (11  in  'Table  9Q; 

1  -  celting  in-  vacuo;  2  -  selting 
in  open  furnace; 

(a)  lOG-hoar  long-tem  alti- 
nate  strength^  (b) 

tesperatore,  ''C. 


■  V  ^ 


Blgare  514.  Effect  of  boron  on  de- 
forcation  of  speeixens  of  ' 
XhI5S25  steel  in  I6OQ  hours  at  ^ 
yog  and  straas  of  ^  *  S  kg/nx  ; 
(a)  deforaation  in  I6OO  hours. 


carbon  lorars  the  heat  resistance  in  the  event  diffusion  plasticity  xecbanisxs 
predominate,  but  izsy  raise  it  if  slip  sechanisss  predoxina'ce.  Thus,  vith  a 
short  service  life,  high  stress,  and  coderate  ter itures,  even  dissolved 
carbon  (in  austenite)  rill  increase  the  beat  resxstance.  dt  high  snd  very 
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high  temperatures,  oa  the  other  hand,  even  the  short-term 
lowered  by  cissoived  carboa,  as  is  observed  in  experiments 

If  the  carbon  is  bound  in  the  carbides,  it  may  increase  the  heat  resist¬ 
ance  also  trhen  diffusion  plasticity  nechanisss  predoainate.  2ut  the  direction 
and  extent  of  the  effect  of  the  carboa  bound  in  the  carbides  depend  not  only 
on  the  length  of  service  and  the  operating  temperature,  but  also  on  the  com¬ 
position  of  the  carbides,  shich  determines  their  resistance,  on  the  shape,  ca- 
gree  of  dispersion,  and  location  of  the  carbides,  5hus,  for  example,  increase 
in  carbon  content  from  0.15^  to  increased  the  creep  resistance  of 

hhl4al4Y2Ic  austenitic  steel  at  and  600**,  bat  only  Only 

by  making  allc—ance  for  the  entire  array  of  factors,  insofar  as  this  is  feas¬ 
ible  at  the  present  time,  is  it  possible  to  give  a  aore  or  less  satisfactory 
explanation  of  the  contradictory  data  encountered  concerning  the  effect  of 
carbon  on  .  :e  heat  resistance  and  thermal  stability  of  steel. 

Jigu. t  jlp  £o2^  illustrates  the  combined  effect  of  carbon  and  nitrogen^ 
(nitrogen  exerts  an  effect  in  the  same  direction  as  carbon,  but  a  fainter  one) 
on  the  time  to  failure  and  creep  rate  of  a  steel  of  the  Khl8S9  type  at  var¬ 
ious  temperatures  and  stresses.  Prior  to  testing,  the  steels  vere  quenched 
from  1120°  in  vater.  ?he  decrease  in  the  time  to  failure  and  the  increase  in 
the  creep  rate  up  to  a  certain  carbon  content  at  test  temperatures  of  650  and 
?00°,  mhen  diffusion  plasticity  mechanisms  predoainate,  may  be  ascribed  to  the 
fact  that  a  certain  amount  of  carbon  in  the  base  in  question  is  preserved  in 
the  solid  solution  (cf.  Pig.  decreasing  the  interatomic  bond  strength, 

aith  a  higher  content,  the  carbon  is  precipitated  from  the  solid  solution  In 
ihe  form  of  dispersed  carbides,  increasing  the  heat  resistance.  Ee-ce  the 
extent  of  lore^ Ing  of  the  heat  resistance  by  the  dissolved  carbon  is  intensi¬ 
fied  mith  rise  in  temperature  and  with  decrease  in  the  stress,  vhen  there  is 

^-?he  nitrogen  content  increased  from  0.005%  is  steel  slth  0.001%  C  to  C.C5% 
in  steels  xitb  0.12  to  0.16%  C. 
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strength  mill  be 
/cf.  4407. 


?iSiire  31>-  Coabircd  effect  of  carbon  and  nitrogen  on  the 
tine  ts  failure  (a)  and  creep  rate  (b)  of  austenitic 
steel  of  the  Khl35$  type  at  raricus  tesperatures 
stresses! 

1  -  1?.5  kg/an“  at  ?00®  4-14  kg/sc^  at  650^* 

2  -  10.5  ke/n=’  at  700®  5-35  at  540® 

5-21  kg/ssa^  at  650®  6-25  kg/c=^  a  540® 

(a)  tins  to  failure,  hoars;  (b)  carbon  +  x^tro- 
gen,  5s;  (c)  ninicaa  creep  rate,  5J/hour. 

a  greater  develoaneat  of  diffasioa  processes.  At  a  lotrcr  stress  the  effective¬ 
ness  o;  action  of  the  carbides  also  veaksns,  nore  carbon  is  required  to 
increas*  the  heat  resistance.  ?he  great  negative  effect  of  the  dissolved  car- 
bcc,  apparently,  indicates  that  the  grain  bcundary  layers,  xhich  play  a  decis¬ 
ive  part  in  this  case,  are  highly  enriched  with  carbon.  At  >40®  slip  plasti- 
sechanisss  nredoninato,  in  consequence  of  vbich  the  carbon  constantly  in¬ 
creases  *3e  lire  resistance;  noxever,  at  a  lover  stress  the  dissolved  carbon 
dees  not  increase  the  tins  to  fsilure  even  at  this  tenperature,  and  even  re¬ 
duces  it  sonevhat.  It  should  be  noted  that  the  authors  of  /S2^,  froa  vhich 
5—5  -s  taken,  attenot  to  explain  the  sisisscs  in  figure  515&  and  the 
naiinucs  in  figure  5i5b  by  the  strengthening  effect  of  a  special  fora  of 
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ferrite,  the  arouat  of  chich  ia  hardened  steel,  accor-iiag  to  their  iavestig— 
tic-.s,  decreases  fror  yyti  a-  0.001)s  C  to  OJS  at  0.1%  C,  cut  such  an  ex¬ 
planation  is  highly  dubious. 

”he  effect  of  the  conposition  of  the  carbides  is  apparently  namfested 
ch-efly  an  the  circonstance  that  rhes  coaplei,  sore  stable  carbides  are  j-res 
ent  in  the  steel,  the  negative  effect  of  the  “solution"  plasticity  sechariss 
is  exhibited  to  a  far  lesser  extent  at  the  operating  tesperatures,  end  their 
to_it.ve  influence  on  the  heat  resistance  is  found  to  be  nore  effective.  ?has, 
for  exasple,  it  is  to  be  seen  fi-os  Figure  516  _/7127  that  for  carbon  steel 
heated  vjider  load  in  vacuo  at  65O®,  rith  increase  in  the  carbon  content  froa 
1.23  to  i.c3%,  end  hence  in  the  ancunt  of  carbides  as  veil,  the  tine  to  fail¬ 
ure  of  the  apc-cisen  decreases,  while  chroslus  carbides  in  steel  of  the  i2»18H9 
typ.e  greatly  increase  the  tine  to  failiire.  it  is  true  that  ia  the  steel  of 
the  jlhieK5  type  the  carbides  xere  dispersed  and,  apparently,  situated  along 
the  grain  boundaries.  Stt  there  xas  no  such  difference  in  the  carbon  steels 
ia  Figure  516.  5or  can  one  ascribe  the  lover  fire  resistance  of  the  steel 
slth  1.63%  C  to  brittle  failure  due  to  levered  tear  resistance  as  against  the 
steel  v-ith  1.25%,  since  it  failed  at  a  anch  greater  elongation  than  the  latter. 

Figure  516.  3efomation  of  specimens 
of  carbon  steel  with  1.25%  (1} 
and  1.6^  C  (2}  heated  in  vacuo 
at  650®  under  a  stress  of 

6.9 

(a)  elongation,  I,  %; 

(b)  failure;  (c)  tine,  hours. 

f  ^  9  i  $  o  n 

In  themally  stable  pscrlitic  and  sartensitic  steels  vhich  contain  no 
elenents  faming  highlY  stable  carbide  phases,  the  resistance  of  the  carbides 
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is  £pparer.:iy  still  act  sufiicieat  ssbstaatiaily  to  veaken  the  eitect  cf  ^he 
"solution”  tlasticity  acchaaisa.  Hence  the  increased  carbon  content  of  sucn 
steels  aay  be  utilined  to  raise  the  creep  resistance  only  at  teaperatwres 
to  ■~4Go'^.  5he  theraai  stability  is  raised  at  higher  tenperatures  lith  in¬ 
crease  in  the  carbon  content  only  in  the  event  cf  a  short  service  life,  and 
crons  in  thi:  event  of  nrolonged  action  of  a  load.  Unfavorable  situataca  of 
the  carbides  along  the  grain  boundaries  nay  serve  as  an  additional  cause  of 
decrease  in  the  themal  stability  of  steel  by  carbosi,  this  leading  to  prena— 
ture  brittle  intercrystalline  failure.  ?he  latter  vas  observed  in  eiperi— 
rents  during  the  creep  testing  of  steels  vith  4.55»  Cr,  0.40iJ  and  O.o^  C  first 
subjected  to  -  teaching  and  tenpering  at  65O  to  700®  • 

gtrenriheninr  cf  themally  stable  and  heataroof  steels 

It  foilors  fron  the  foregoing  that  the  basic  zethod  of  obtaining  heat¬ 
proof  end  themaily  stable  steels  and  alloys  (based  on  other  zetals)  consists 
in  strengthening  the  solid  solution  through  alloying,  (depending  on  vbat  the 
service  conditions  of  the  alloy  are  to  be,  either  primarily  of  the  boundary 

phases  satisfying  definite  conditions.  Subsequent  strengthening  of  the  alley 
can  be  achieved  basically  throu^  the  conventional  treatzent  zethods:  texper 
hardening  (for  steels  of  the  pearlite  and  sartensitc  class),  precipitation 
hardening,  or  vork  hardening.  Houever,  the  peculiarity  •>—  and  under  certain 


service  conditiens  cf  as  alloy  the  advisability  —  of  esoloyir.g  a  given 

hardening  trsatnent  are  cue  to  the  fact  that  at  high  tenperatures,  as  has  al¬ 
ready  been  pointed  out,  the  tendency  of  the  alloy  tovard  therzodynnzic  balance 
can  be  realized.  It  is  advisable  to  harden  alloys  aith  a  short  service  life 
rhich  uork  under  hi^  load  ani  at  zoderate  tenperatures  vj  creating  a  nore 
zetastable  structure  in  then.  In  alloys  intei^ded  for  lengthy  servies  under 
snail  load  or  at  hi^  tKtpera -ores,  on  the  other  hand,  it  is  necessary  in 


/ 


narcening  zo  szrzve  zo  ensure  zbe  -fixinan  possible  stabilaty  of  ihe  straciare, 
i..ci.uding  asat  of  zze  solid  solurion  iaself.  5has,  theraally  stable  pearlitlc 
s-eeis  -sacs  cave  been  sorselised  and  subjected  to  qaenchins  and  tenperxnc 


are  ecaavalest  as  regards  the  short-tine  strength  values.  At  425°  they  are 


also  practacalay  equivalent  aith  respect  to  creep  resistance.  However,  at  a 
a---  «-enperature,  cnencned  and  tenpered  steels  ere  far  inferior  to  nomal— 
steeas  aats  respect  to  creep  resistance  ^cf.  64^. 

anc  netalaic  ccnpsunds  ere  enployed  as  the  strengthening  phases 
-n  s-rea;..aenasg  tsrough  precipitation  hardening,  which  is  esployed  for  the 
rejcraty  of  the  nodem  heatproof  chrone-nichel  austenitic  steels  and  nickel- 
based  alloys.  It  is  hi^y  isportant  here,  particularly  for  alloys  intended 
PO- -s  tri-h  a  lengti^y  service  lafe,  that  the  strengthening  phase  nossess 
nigh  resistance  to  coagalation,  which  detemines  the  saifteiiing  ef  an  alloy  at 
-_e  Oue-ai.-ng  -enperature.  As  vas  pointed  out  during  the  discussion  of  the  gen— 
efa.ec-  o-  alioying  elenents,  and  of  nethods  of  assuring  the  red— hardness 
ot  nrgh-speed  steel,  the  resistance  of  the  carbide  or  netallic  conpound  to  co¬ 
agulation  is  rne  greater,  the  hi^er  is  the  interatosic  bond  strength  in  the 
iattice  of  tne  oasxc  solid  solution  and  of  the  strengthening  phase  itself, 
aoraver,  certain  carbides  have  interatosic  bonds  of  such  high  strength  that 
-ney  are  not  changed  to  solution  upon  quenching,  even  Tran  very  hi^  tespera- 
tures-  5heir  hi£~i  resistance  to  coagalation  can,  of  course,  nut  be  used.  It  is 
found  advantageous  in  tais  case  (see  ^ssiaa7  p.  193)  to  introduce  into  the 
conposition  of  the  alloy,  and  accoruingiy  that  cf  the  carbide,  an  additional 
erenent  wnich  lovers  the  interatosic  bond  strength,  this  caking  it  possible  to 
cnange  tee  caroide  in  solution  at  still  acceptable  quenching  tesperatures,  al- 
vhea^  the  resistance  of  the  carbide  to  coagulation  is  therely  lowered. 

Tc.e  intemetailic  ponses  capable  of  causing  the  effect  of  precipitation 
aarcening  in  iron-nickel  alloys,  nickel,  and  nickel-based  alloys  are  forced. 
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zg  been  established,  uaon  the  iatroductioa 


to  these  alloys  of  a 


tuaber  of  eteaeats  such  as 


etc,  Ce: 


tahius,  niooxua,  atrcoat 


berylliuE, 


exasole,  are  used  for  strengthenir 


Loys  of  the  Invar  and  Sliavar  type  by  precipitation  hardeni  ag,  She  5i_Ti, 


re.ao,^  chases,  etc. 


re  also  used  in  heatproof  alloys. 


effective  chase  and  hence  the  one  the  aost  videly  used  at  the 


reset 


screasinr 


:e  as 


at  foraed  upon  siaultaneous  introduction  of  titaniisa  and 
rs  also  alloyed  sith  chroaius  (principally  »ith  the  ain  of 


re  resistance) - 


Ls  strengthening  phase,  vhich  is  pre¬ 


cipitated  upon  decoaposition  of  the  solid  solution  of  a  nickei-chroaiua-titan— 

iua-a!«ainua  al'oy  and  -hich  contains,  in  addition  to  nickel,  14^  2i,  2%  Ai, 

and  22  Cr,  as  has  been  established  ezperinentally  by  C.  V.  Sardyuaov  end 

others  /35^?,  has  very  strong  interatoaic  bonds.  These  investigators  found  a 

gveat  interatoaic  bond  strength  in  the  lattice  of  the  solitl  solution  of  nickel 

-i-h  20.152  Cr,  2.4^  Ti,  0.62  Al,  and  1.554  ?e,  this  strength  being  due  to  the 

solution  in  it  of  titaniun,  aluninnn,  and  chrosiua,  the  cosbined  effect  of 

vhich  results  in  a  greater  increase  in  the  interatoaic  bond  strength  than  in 

/ 

tne  corresponding  binasy  solid  solutions.  The  ol  phase  conseq[aently  possess 
&  high  resistance  to  coagulation,  this  isparting  to  the  alloy  a  high  stability 
torard  softening.  Sut  certain  elenents  zay  lever  tbe  resistance  of  this  phase, 
and  accordingly  the  heat  resistance  of  the  alloy,  by  vixtae  of  the  fact  that 
they  either  extract  frea  it  a  portion  of  the  titaniun  (carbon  foxning  TiC)  or 
thesselves  becone  part  of  it  (sanganese)'^. 

A  certain  quantity  of  tbe  carbides  is  alvays  present  in  snstenitic  steels, 
as  veil  as  in  nickel  and  cobalt-based  heatproof  ateels,  even  in  the  event  of  a 
los  carbon  content  of  the  fomer.  Hence  in  such  alloys  one  anst  apparently 
alnays  reckon  vitb  at  least  partial  hardening  csing  to  the  carbide  phase. 


‘Cf.  H.  Y.  Pridantsev  and  C.  Y.  Sstalin.  Stal',  lo.  7,  1957,  p.  636. 
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zroceeding  either  sirultaiieously  ■a’ith  the  process  of  precipitation  hardening 
due  to  the  interuetailic  phases  or  independently.  However,  ii  the  carbides 
rust  serve  as  the  basic  strengthening  phase,  an  increased  anount  of  carl>oa 
(up  to  0.459)  is  introduced  into  the  alloy.  She  conposition  of  tha  cerhi-»— 
detenus  (cf.  /2ussian7  n.60)  on  the  atonic  ratio  of  the  carbide— foxmng  ele— 
rent  end  the  carbon.  Since  ail  heatproof  alloys  contain  a  large  aaoant  of 
chrosiun,  the  basic  carbide  in  then  is  ^23^6*  which  the  atons  of  other 
elenents  aisc  are  dissolved  b?  substitution.  Other  alloying  elenents  intro¬ 
duced  into  these  alloys  *ith  the  ain  of  hardening  the  solid  solution  or  of 
fcming  a  strenthening  intemetallic  phase  are  at  the  sane  tine  usually  car- 
bide-foming  e*  inents  as  well,  for  exaaple,  tungsten,  niobius,  nolybdenus, 
titanitm,  etc.  In  this  case  carbides  whose  base  is  conurised  by  these  ele— 
nents  are  also  discovered  in  the  alloy,  finally,  an  iaportant  part  xs  also 
played  by  the  nitrogen  contained  in  these  alloys,  which  replaces  a  portion  of 
the  carbon  atons  in  the  lattice  of  the  carbides,  which  are  thus  caxbonitride 
phases  /cf.  785,  641,  etc^. 

All  these  phases  possess  a  very  strong  interatosic  bond,  'while  the  ele- 
nsnts  forcing  then  reinforce  considerably  the  interatoaic  bond  in  the  solid 
solution,  nence  they  are  converted  to  solution  at  very  high  tesperatures  and 
fall  fron  solution  also  at  hi^  teaperatuxes,  over  500  to  600°,  end  in  the 
6C0  to  650°  range  is  a  ncsber  of  alloys,  and  slowly  coagulate.  It  is  advis¬ 
able  to  subject  parts  cade  of  such  alloys  and  intended  for  lasting  service  to 
anneal  after  quenching,  at  a  tenperature  100  to  120  or  150°  lu.(^er  than  the 
operating  tenperature.  On  the  other  band,  it  is  better  to  subject  parts  with 
a  short  service  life,  particularly  those  in  service  at  high  tenperatures,  only 
to  quenching,  fron  a  tenperature  at  which  the  carbide  phases  ere  liable  to 
dissolve.  In  this  case  the  carbides  will  be  precipitated  fron  the  solid  solu¬ 
tion  directly  at  the  operating  tenperature  nnder  a  stress  the  action  of  wnich 
nust  intensify  this  process,  and  coagulation  of  ths  carbides  does  not  have 
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■sise  io  occur,  "ie  creep  resistance  of  the  alloy  sill  thus  be  hi£5i»i~» 

It  nust  be  borne  in  nind,  hosever,  that  sore  intensive  presi?ita»ioa  of 
carbides  in  the  event  of  service  of  the  alloy  under  stress  also  leads  to  so^e 
intensive  enbrittlenent  of  the  grain  boundarieSt  along  shich  the  carbides  are 
prinarily  situated.  Thus  it  is  to  be  seen  froa  Sable  88  for  a  steel 

vita  O.pig  C,  15.85s  cr,  14.4?^  Si-  0,765S  vo,  and  2.45$  b,  that  after  IGO-hour 
heating  at  SOG^  under  load  the  plasticity  characteristics  and  the  resistance 
to  fracture  at  roon  tenperature  have  loeered>  vhile  the  resistance  to  plastic 
defornation  has  increased  to  a  such  greater  extent  than  after  the  sase  heating 
bat  vita  no  load. 

gable  68 


■Sfccht  ical  Properties  of  Si69  Steel  at  20°  Under  Various  Conditions 


Condition 
of  steel 

^'b 

kg/aa^ 

kg/aa^ 

J».5« 

i 

Sature  of 
Pailure 

Quenching  fron 

1180°  {initial 
condition) 

57.2 

79.2 

170.1 

46.2 

60.7 

plastic,  along 
grain 

Heating^ ,  after  ^ 
quenching,  at  SG0° 
for  ICO  hours  and 
cJ  -  6  kg/ca2  £ 

45.0 

91.0 

92.0 

125.0 

123.0 

20.0 

18.2 

29.07 

24.0  J 

Brittle,  along 
grain  boun¬ 
daries. 

Heating^,  after 
quenching,  at  SCO 
for  100  hours,  but 
vith  no  stress  ^ 

40.0 

42.6 

S4.2 

84.5 

137.0 

131.0 

25.5 

21.5 

47.0  7 
43.0  / 

. . 

■‘gvo  specinens  treated. 

Certain  heatproof  austenitic  steslst  sost  freqnently  those  intended  for 
the  nanufactare  of  turbine  disks,  are  additionally  strengthened  by  work  hard¬ 
ening,  vhich  is  usually  imparted  to  the  forged  piece  ky  the  partly  hot  sethod, 
i-  e.,  at  an  elevated  teaperature,  but  one  located  beneath  the  recrystallixa- 
tion  teaperature.  She  basic  condition  of  retention  of  the  strengthening  effect 
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oT  the  rork  hardening'  is  the  crocess  or  service  lies  in  'the  circunstance  >na>.  j 

the  operating  '^enperatare  sx.~z  be  lo'ser  than  the  recrystaiiisat:.on  tenperature  | 

LOT  the  given  steel.  She  duration  of  action  of  tenperature  also  has  an  ef¬ 
fect  on  softening  a  ■srork— hardened  netal.  Thus,  for  exanple^  in  ■sork— hardened 
copper  heated  at  220**  for  500  hours  hardness  xas  still  fully  retained,  and 
ras  reneved  after  1000  hotsrs;  at  520°  the  hardness  ras  ftilly  resoved  after 
as  little  as  100  hears  /84^.  Consequently,  the  longer  the  service  life  of 
the  part,  the  greater  nust  ot,  the  difference  between  the  rccrystallization 
tenperature  and  the  operating  tenperature. 

The  recrystallisation  tenperature  is  zstch  higher  for  ganna  iron  than  it 
is  for  alpha  iron.  Alloying  elenents  cause  additional  increase  in  the  re- 
crystallisation  tenperature  /cf.  also  so  that  for  austenitic  steel, 

even  eith  naderate  degrees  of  redaction,  it  is  800  to  620°  /of.  78^»  e^id  for 
certain  hi^-alloy  steels  it  is  around  900°  /pt.  4^.  The  recrystallisatioa 
rate  in  austenitic  steels  is  also  low.  Thus,  favorable  conditions  are  pres¬ 
ent  for  austenitic  steels  froz  the  standpoint  of  thexsal  softening  for  the 
use  of  Tork  hardening  as  a  zethod  of  increasing  tbs  fire  resistsnee,  particu¬ 
larly  •sith  relatively  slif^t  degrees  of  reduction,  of  the  ordar  of  1055.  It 
is  reported  [15^  that  for  a  steel  sith  1655  Cr,  1355  Xit  255  Ko,  155  Xb,  and 
0.15^  K  fran  rhicb  a  steas-turbine  disk  was  sanufactared,  the  hardening  effect 
of  sesi-hardening  with  a  subsequent  1055  rsdacticn  -sas  still  fhlly  retained 
after  testing  at  600°  under  stress  for  30,000  hoars.  Sztrapolation  to 
100,000  hours  yields  for  this  ateel  in  the  hardened  state  vithout  cold  working 
a  long-tern  oltizate  strength  value  of  9  kg/sx^,  and  15  kg/az^  for  work-hard¬ 
ened  steel.  Thread  cutting  has  a  substantial  effect  for  austenitic  bolts  at 
operating  tezperatures  up  to  650° 

Eorever,  the  possibilities  of  using  the  hardening  effect  of  cold  corking  ~ 

are  lisited  not  only  hf  the  themal  softening  of  the  caterial,  but  also  by  the 
fact  that  cold  work,  ia  intensifying  the  diffUsicn  aobili^  of  the  atoas  at 
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sigh  te^pe^a^^^es,  apparently  accelerates  the  process  of  failure  rith  tine 
and  the  processes  resulting  in  enbrittienent  of  the  grain  boundaries  in  steels 
in  oaica  tnese  processes  nsy  occur.  7hus,  in  investigations  by  S.  2.  aisbkin 
and  others  /cf.  622,  T^o/,  vith  a  nickel-based  alley  with  20^  Cr,  2.5^  Ti, 
and  0.75S5  Ai,  under  the  effect  of  preliminary  irprk  hardening  by  10^  extension 
over  the  100-hour  long-term  ultiaate  strength  at  700°  dropped  from  42  to 

— »/“  t  despite  the  fact  that  the  recrystallization  teaperature  of  this  al¬ 
loy  IS  over  600  .  If  the  hypothesis  concerning  such  an  effect  of  cold-working 
— s  correco,  tnen  there  ziust  also  exist  a  certain  optinun  degree  of  work  hard¬ 
ening  for  a  given  material,  given  operating  teaperature,  and  period  of  ser¬ 
vice,  np  to  which  the  long-tem  strength  will  rise  as  against  the  state  not 
afiected  by  cold  working,  and  then  will  begin  to  drop.  Sata  are  to  be  foimd 
in  .he  literature,  for  exasple  for  work-hardened  copper  ^4^,  idiich  actually 
pemit  the  inference  of  such  a  tendency.  She  positive  effect  of  cold  working 
nay  also  he  replaced  py  a  negative  one  in  the  event  of  application  of  too 
high  a  working  stress. 

l^ention  should  be  cade  in  conclusion  of  the  effect  of  the  sixe  on 

heat  resistance.  It  follows  fro*  •rtiat  has  hem  stated  aheut  the  role  of  the 
ocasdary  layer  of  the  grains  in  processes  detersdning  the  heat  resistance 
characteristics,  that  under  conditions  in  which  diffusion  plasticily  nechaniscs 
predeninate  a  coarse  grain  mist  have  a  positive  effect  on  the  heat  resistance 
of  setals  and  alloys.  This  is  confiraed  by  anaeroos  observations  and  experi¬ 
ments.  Thus,  for  exaapie,  it  was  noted  very,  long  ago  that  a  fine-grained 

•  tungsten  wire  in  electric  incandescent  laaps  flows  at  the  operating  teapera¬ 
ture  and  fails  under  the  influence  of  its  own  weight  such  wore  rapidly  than 
does  a  coarse-grained  one.  A  substantial  increase  in  the  creep  limit  of  aas- 
tcnitic  steel  with  coarsening  of  its  grain  has  also  been  observed 

In  solving  the  probleas  of  the  optiaaia  grain  aiie,  it  is  necessary  also 
to  reckon  with  the  effect  of  this  f«:tcr  in  other  directions,  as  well  as  with 
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its  ir-direct  effect  through  other  processes,  «hich  cay  oe  both  positive  ar.d 
negative,  faus,  for  eiaaale,  coarsening  of  the  grain  leads  sicaitaneously  to 
a  sharo  drop  in  uiasticity  in  the  hot  condition,  although  the  plas*<ici«y  in 
creases  at  rooc  tecperattire. 

5.  SHE  HOLS  0?  ALLOiItJC  Hiv  CCHSH  ?AC5oHS  in  IHCHEASIliC  2H3  COH- 
HOSIOS  HSSISH15CS  (SCAL3  -?SSISTAHC£)ldr  S3SSL  * 

General  nnnciples 

5he  tern  corrosion  resistance  is  understood  to  cean  the  resistance  of  a 
cetal  or  alloy  to  the  action  of  various  gaseous  sedia  (gas  corrosion)  at  hig^ 
tecperaturss.  A  particular  case,  hut  the  one  the  cost  frequently  encountered 
in  practice  and  hence  the  cost  icportant  one,  is  the  process  of  oxidation  at 
high  tesperatures.  She  resistance  of  steel  to  gas  corrosion  is  affected  by  a 
nueber  of  factors,  the  cost  icportant  of  which  are  the  coaposition  of  the  ned- 
the  teeperature  periodicity  of  its  change,  the  duration  of  the  bold¬ 
ing  period,  the  gas  flow  rate,  the  condition  of  the  surface  of  the  aetal  or 
alley,  and  the  coaposition  of  the  lattir. 

5he  relative  position  of  setala  with  respect  to  their  resistance  nay 
change  in  different  nedia  and  at  different  temperatures.  Certain  aetals  and 
alloys  corrode  rapidly  and  fail  in  specific  aedia  in  consequence  of  the  feraa- 
tion  of  certain  cospounds,  which  in  turn  say  either  exert  a  direct  hamfhl  ef¬ 
fect  or  lower  the  resistance  of  the  alloy  hy  changing  its  eonposltion.  Thus, 
fer  ezanple,  in  alloys  alloyed  with  chronius,  iriien  heated  in  a  carburxxing 
nediun,  carbides  are  foxsed,  and  nitrides  upen  heating  in  a  nedius  of  nitro¬ 
gen.  A  portion  of  the  ebroaius  iO  hereupon  hound  and  the  basic  sass  of  the 
slloy  is  Icpcverished  with  respect  to  chreniua.  Sulphur  dioxide  at  certain 
tenpexatures  has  the  greatest  effect  on  nickel,  a  lesser  effect  on  cobalt, 
iron,  end  tungsten,  «Tid  a  very  slight  effect  on  chroniuz  and  copper.  The  low 
resistance  of  nickel  is  e3q>lained  by  the  fact  that  the  hi^S2  conpound  foxss 
with  nickel  a  eutectic  which  has  a  nelting  point  of 
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H^a-ogen  sulfide  nas  a  greater  effect  than  sulphur  dioxide.  As  has  teen 
•  shorn  in  a  r.unber  of  studies,  alloys  of  iron  uith  chrtaiiun  and  nickel  in  sul¬ 
phur  dioxide  hecone  unstable  at  tenperatures  above  400°,  and  in  hydrogen  sul¬ 
fide  even  at  tenperatures  above  500°*  5his  is  explained  by  the  fact  that  in 
the  fir-'jt  case  the  presence  of  oxygen  leads  to  the  formation  of  an  oxide  fils 
rhich  protects  the  surface  of  the  netal  froa  interaction  rith  sulphur.  This 
hypothesis  is  coafirzed  by  production  studies  in  which  it  was  found  that 


heating  of  chrcae-nickel  anstenitic  steels  in  an  oxidizing  aediua  protects 


thea  setter  froa  the  action  of  the  sulphur  dioxide  contained  in  the  gases. 

Hence  the  use  of  alloys  alloyed  with  nickel  at  hi^  tenperatures  in  aedia 
containing  sulphur  counpounds  is  not  to  be  reccKsended.  However,  with  the  aed¬ 
iua  ccntaiaing  up  to  C.1%  S,  chroae-aickel  alloys  have  a  resistsnce  which  is 
still  sufficiaxtly  hi^  Z77o/.  The  introduction  of  silicon  into  cbroae-nickel 
steel  increases  the  resistance  of  the  latter  in  a  solpharoas  aediua  JjTl^ •  Con¬ 
trary  to  expectations,  nickel-based  alloys  of  the  Sichroae  type  are  found  to  he 
fairly  resistant  to  sulphur  coapounds,  both  in  an  oxidizing  and  in  a  reducing 
aediua  ^75  al^. 

Studies  cade  in  recent  years  of  the  corrosicn  of  steels  and  alloys  in  the 
synthetic  ccabustion  products  of  fuel  of  vexions  types  and  grades  with  refer¬ 
ence  to  gas  turbines  have  shown  ^7^7  that  vanadina  contained  in  fuel  has  a 
great  adverse  effect.  Being  converted  in  the  fom  of  vanadiua  pentoxide*  into 
ash  which  is  carried  along  ^  the  flow  of  gases,  it  contributes  to  the  cor¬ 
rosion  failure  of  heatproof  alloys,  paxticolarly  those  alloyed  with  colybdenua, 
of  which  gas  turbine  parts,  including  the  vases,  are  xAde.  Increase  in  the 
acount  of  sodiua  sulfate  in  the  ash  containing  st  teaperatures  above  850° 
reduces  its  harsful  effect.  The  aechaniSE  of  the  effect  produced  by  vasadiua 
pentoxide  has  not  yet  been  established.  In  particolsr,  an  hypcthesxs  is  ad¬ 
vanced  to  the  effect  that  vanad,luB  coapounds,  which  have  a  low  nelting  point, 
contribute  when  in  the  liquid  phase  to  breakdown  of  the  protective  fila  forc¬ 
ing  on  the  steel  or  alloy.  This  nay  be  the  reason  for  the  hamfol  effect  of 
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vanadiur:,  snich  is  coa^ainc'i  ia  the  alloy  itself,  on  the  latter’s  corrosion 
resistance.  At  any  rate,  one  o£  the  methods  of  dixinishiss  the  corrosive  ac¬ 
tion  'i*'  a  redivm  containing  a  vanadiuh  conpound  is  Introduction  into  the  fuel 
of  substances  trhicb  elevate  the  nelting  point  of  the  ash,  particaisrly  calciua 
and  nickel  coepounds. 

If  there  are  no  sulphur  or  other  haraful  cospounds  present  in  the  fuel 
conbustion  products,  the  cxidation  rate  increases  vith  increase  in  their  con¬ 
tent  of  free  oiygen.  The  oxidation  of  steel  occurs  in  dry  crqrsen  at  a  rate 
several  tines  sore  rapid  than  oxidation  in  dry  air,  and  usually  sore  rapidly 
in  a  sediua  of  carhon  dioxide  than  in  air  and  oxygen.  Oxidation  proceeds  at 
an  even  faster  rate  in  rater  vaper. 

Increase  in  the  gas  flo*  rate  intensifies  the  oxidation  only  up  to  a  def¬ 
inite  value  of  the  latter.  The  flow  rate  subsequently  ceases  to  have  an  ef¬ 
fect,  prohaoly  because  increase  in  the  asount  of  gas  cosing  in  contact  with 
the  heated  setsl  is  offset  by  decrease  ir  the  period  of  this  contact. 

The  oxidation  rate  of  setals  and  alloys  >nd  the  effect  of  teuperature  on 
it  are  detersined  by  the  fact  that  this  is  a  diffusion  process.  Uoreover, 
the  possibility  of  occurrence  of  teo-say  diffusion  have  been  desonstrated: 
that  of  atons,  or,  as  soce  assuce,  of  ions  of  the  cetal  through  the  layer  of 
scale  toward  tho  outer  surface  of  the  article,  and  coimter-diffusicn  of  oxy¬ 
gen  atoss  or  ions  toward  the  netal-oxide  interface.  Diffusion  of  the  atoss 
of  the  netal  through  the  scale  predoninates  in  the  case  of  oxidation  of  iron 
and  its  alloys.  Oxygen  diffusion  doninant  role  in  the  oxida¬ 

tion  of  nickel  and  chroniua. 

Sunerous  studies,  particularly  those  of  7.  I.  Arkharov  and  his  assoc¬ 
iates  (hyi-,  show  that  the  diffusion  pexaeability  and,  accordingly,  the 

protective  properties  of  the  scale  axe  detexnined  by  the  crystallographic  type 
of  its  lattice,  and  for  Identical  types  of  lattice,  by  the  crystallographic 
characteristics  of  the  latter:  its  spacing,  nunber  of  vacancies,  etc. 
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iloreover,  the  inxeratonic  cond  f&Tces  ia  the  lattice  of  the  oxide  phase  xast 
play  a  proair.eat  part,,  as  they  do  ia  netal  alloys:  iacrease  ia  the  oond  forces 
leads  to  retardation  of  the  diffusion  processes,  All  these  factors  nay  change 
-nth  under  the  effect  of  the  oxidation  conditions  and  as  a  result  of  alloying. 
The  conposition  and  type  of  the  scale  lattice  are  detemined  basically 
ty  the  netal-oxygen  phase  diagran  and  also  depend  on  the  conposition  of  the 
nediun,  since  the  chenical  conditions  of  oxide  fomation  nay  vary  for  differ¬ 
ent  nedia,  Thus,  the  scale  iirhich  feras  on  iron  Then  the  latter  is  heated  in 
air,  oxygen,  and  in  nixvures  of  oxygen  or  air  Tith  eater  vapor,  consists  of 
three  layers:  an  inner  one  of  sustite  ?e0,  a  center  one  cf  nagnetite  Pe^O^, 
and  an  outer  o'-e  of  henatite  Upon  heating  is  water  vapor  or 

carbon  dioxide,  on  the  other  hand,  the  scale  on  the  iron  consists  of  only  two 
layers,  wustite  and  aagnetite-  Henatite  is  not  forsed  in  this  case,  since 
the  dissociation  pressure  cf  this  oxide  is  greater  then  the  partial  pressure 
of  the  oxygen  fomed  as  a  result  of  dissociation  of  the  water  vapors  or  car¬ 
bon  dioxide  £733t  F*  Sj/*  scale  on  nichel,  according  to  the  data  of  aost 

studies,  consists  cf  the  oxide  UiO  slone*  There  is  no  doubt  about  this,  at 
any  rate,  at  tenueratures  above  1100°, 

The  oxidation  rate  in  the  initial  stage,  when  the  thickness  of  the  scale 
is  still  very  sli^t,  is  detemined  hy  the  rate  at  which  the  cheaical  reaction 
itself  proceeds.  After  a  certain  period,  when  the  process  has  becoce  steady, 
its  rate  is  detemined  by  diffusion  of  the  setal  or  oiQfgen  through  the  l^er 
of  scale.  In  this  stage,  which  is  the  aost  iaportant  one  for  practical  pur¬ 
poses,  the  process  of  growth  of  the  entire  scale  and  its  individual  layers 
confoms  (occasionally  with  slight  deviations)  to  a  parabolic  curve,  i,  e,, 
is  greatly  retarded  in  the  course  of  tiae.  As  an  ezanpie.  Figure  51?  (V.  I. 
Tikhoairov  et  ai-/73^)  shows  the  rectilinear  dependence  of  thickness  squared 
on  tins  for  each  layer  of  a  scale  on  iron  heated  in  air  at  600°,  It  also  fol- 
lows  that  the  proportion  of  the  thicknesses  of  the  individual  layers  of  the 
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scale  rezains  ooasiaat  ^h^oughout  zhe  oxidation  period  at  the  temperature  -n 
cues tics. 

”he  efTect  or  the  temperature  consists  act  only  in  a  general  increase  in 
the  oxidation  rate  in  conromity  vita  increase  in  the  rate  or  diffusion  of 
the  netal  or  oxygen,  hut  also  in  aodification  of  the  coaposition  and  struc¬ 
ture  of  the  scale  and  the  proportion  of  the  thicknesses:  of  its  individual  lay¬ 
ers-  It  is  to  he  seen  from  the  diagran  in  Figare  31S  (V.  I.  !riIchonirov  et  al« 
l^iyi/')  for  iron  Thich  has  het  subjected  to  oxidation  in  air,  that  no  vustite 
is  fomed  helov  575°,  since  the  latter  is  Ihemodynaaically  xinstahle  at  these 
temperatures.  3?he  amount  of  xustite  groxs  sharply  above  575°  decrease 

in  the  eaount  of  magnetite  aid  hematite,  and  above  700  to  750°  the  thickness 
of  the  xustite  layer  comprisis  94  to  955  of  the  thi cknese  of  the  entire  scale, 
mhis  agrees  satisfactorily  xith  the  iron-oxygen  phase  diagraa.  In  confoxsiity 
xith  the  latter,  a  second  phine,  secondary  magnetite,  is  detected  in  xustite 
observed  after  cooling  of  th-  specimen.  I-t  xas  also  established  radiographic¬ 
ally  in  a  number  of  projects  by  V.  I.  Arkharov  et  al.  ^5^  that  in  the  outer 
layer  of  the  scale  there  arises  a  texture  (112)  II  (liO)  ?e-C^t/ 

to  the  outer  surface  in  the  'intemediate"  teaperatnre  range  of  600  to  600°, 
Above  900  to  1000°,  this  textire  is  replaced  by  bbe  "hi^-teaperature"  tex¬ 
ture  (111)  o^-?e-0_  jj  (100)  ’3,0,  fl  to  the  outer  surface.  The  texture  reor- 
ieutation  temperature  rises  v.tb  'increased  holding  time.  According  to  their 
data,  the  hematite  in  the  surt^ie  zone  of  .the  scale  contains,  in  the  initial 

•  t 

stage  of  oxidation,  an  excess  ^^ber  of  oi^gen  atocs  iaplented  in  the  inter¬ 
stices  id"  ),  as  against  stiicbiometric  'Taring  the  subsequent  stages 

of  oxidation  its  lattice  changes  into  one  vitb  vacant  points,  the  vacancies 
remaining  at  the  sites  of  the  irai  ions  (besatite  o(  ) . 

l?his  also  determines  the  kinetics  of  oxidation  of  iron  at  variens  tem¬ 
peratures  snd  lengths  of  the  test  period,  es  sboxn  in  Figure  319  1^5^ •  xith 
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Jlgare  517.  Groiith  of  individual  lay¬ 
ers  of  scale  on  iron  at  ^OQ  iii  aa- 
bient  air. 

(a)  1^,  =3^»  10“^  for  ?e0  ani 

2 

?e,0^;  (b)  2ice,  siinutes;  (c)  1  t 
2  *4 

223  •  10  for  FCgO-. 


2be  anpearanae  of  2he  austite  piiase«  ■caicn  is  a  substiiationai  solid  s02.uta.0n 
■sith  a  deficiency  of  iron  asoss  (see  page  63)  §  fron  being  faint  (below  5^0  to 
550**)  the  oxidation  becones  noderate  in  the  "intersediate**  stairs  (6OO  to  600  ), 
and  then  intenss  (above  500  to  iOCO°),  the  latter  condition  being  due  to  the 
free-point  lattice  of  the  henatite  o^  ^  .  ?he  teaperature  at  which  trend  of 
the  iinetis  cTirve  changes  (Fig.  319)  is  the  hi^ier*  the  shorter  is  the  holding 
tine.  So  free  points  were  detected  in  the  lattice  of  the  510  oxide.  Eence. 
the  diffuslsn  of  raickel  atons  through  the  oxide  layer  is  ispeded.  And  since 
diffusion  of  oiQrgen  atons  through  this  layer  proceeds  slowly*  oxidation  of 
nickel  is  core  difficult  then  that  of  iron. 
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Periodic  abruut  tcaserature  changes  accelerate  the  oxidation  process. 
5h£s  is  probahiy  to  be  ascribed  to  the  stresses  arising  in  the  layer  of  scale 
and  facilitating  local  failure  of  the  layer.  9:is  drccxstsnce  is  of  the 
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sieei  liih  0.5;i  C  and  Cr,  iscubation  period  upon  oxidation  in  air 

ras  observed  /?55»  p.  12^  only  at  /Ou  and  £00  .  Cheaicai,  nicroscopie,  ana 
radiographic  investigations  of  scale  have  shovn  that  a  fiin  of  the  oxide 
highly  enriched  trith  chroniun  as  against  its  content  in  steel  (55«5»  Cr  ver¬ 
sts  i2.$Sis  Cr  in  steel),  is  fomed  on  the  surface  of  the  steel  in  the  course 
of  the  induction  period.  Diffusion  proceeds  at  a  very  low  rate  through  this 
filn,  in  consequence  of  uhich  oxidation  practically  cones  to  a  halt  by  the 
end  of  the  induction  period.  Spinel,  FeCrgO^,  vhich  has  a  higher  peraeability 


than  the  H-O,  phase,  is  suhsecuentiy  fomed.  "he  increase  in  the  anount  oi 

the  2_0;  nhase  occasioned  by  the  decline  of  the  E_0_  nhase,  as  veil  as  the 
y~  2  5  * 

sinultanecus  increase  in  the  cnount  of  ^e^O-  in  the  outer  layer  thrau^  dif¬ 
fusion  of  the  iron,  leads  to  increase  in  the  pemeability  of  the  scale.  ?his 
corresponds  to  the  second  stage  of  the  process,  ihen  the  oxidation  rate  con- 
foms  to  the  parabclic  lav. 

The  sane  studies  (vlth  steel  -slth  ^6%  Cr)  desonstrated  that  the  cuter 
part  of  the  scale  on  chrosiun  steel;  as  on  iron,  consists  of  thrae  ia^ersz 
an  cuter  cne  I,  hesatlte;  II,  nagnetite;  and  III,  sustite.  Ta»  vastitc  layer 
is  fcllcved  by  an  inner  layer,  17,  adjcining  tbe  setal  shich  consists  of  chrcse 
spinel  ?-0«  Cr^Oj  and  vustite.  2he  chraniua  is  concentrated  only  in  this  in¬ 
ner  layer  of  the  scale  and  is  absent  frcs  its  outer  "iron"  layers.  This  is 
explained  by  the  very  lo«  rate  of  diffusion  of  chrcsius  through  the  scale  as 
ccapared  vita  iron  diffusion.  It  is  consequently  assured  that  the  cuter  lay¬ 
ers  of  the  scale  are  fomed  chiefly  threap  diffusion  of  the  iron  thiwugh  it, 
^'■’ile  the  inner  Isyer,  xhlch  contains  all  the  chroeeiun,  is  fomed  throng 
counter  diffusion  of  the  OJQrgen  frost  the  gaseous  sediua.  In  the  stage  «hen 
the  proc'tss  follcvs  a  uayabalic  curve,  the  intezxnlation  of  the  thicknesses 
'Oe  individual  layers  of  the  scele,  as  on  iron,  rcasins  constant  sith  re— 

-o  tine,  Int  varies  with  change  in  iesperature.  in  effect  is  exerted 
here  hy  alloying  eJesents,  in  this  inztsnee  chrosiun,  on  the  ircn-oiygen  phase 
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ci&srs=..  ?hu£,  ai:  apireeiable  zz.ctir.1  of  sustite  appears  ca  chroae  ste<rl  not 
after  5?3^j  as  os  iron,  bst  oslr  after  500**-  “se  thickness  of  the  »ustite 
layer  here  is  also  sasy  tines  ssailer  than  under  the  sane  conditions  in  iron. 

?hus  the  presence  of  an  inner  difficulty  peseirahle  layer  of  chrone 
spinel,  the  sli^t  thickness  of  the  tustite  layer,  and  the  location  of  the 
satter  het^een  the  spinel  layer  and  the  henatite,  rather  than  heteeen  the  ret— 
al  and  the  henatite,  are  actually  conducive  to  the  such  higher  corrosion  re¬ 
sistance  of  chrone  steel  as  compared  to  iron  and  carson  steel.  Moreover,  as 
r.as  recently  been  denonstrated  /^52/,  the  presence  of  chroniua  in  the  oxide 
phase  increases  the  interatcnic  bond  forces  in  the  latter.^ 


It  is  to  be  seen  fron  ?ahie  69  that  not  only  chroniun,  cat  sax^ 

other  alloying  clenents  as  veil,  are  concentrated  in  the  inner  layer  of  scale 
adjoining  the  natal,  this  apparently  heiag  attributable  to  the  iov  rate  of 
their  diffusion  as  cenpared  vita  the  iron  atons  (the  presence  of  a  certain 
quantity  of  the  ailcying  elesents  in  the  outer  layers,  according  to  the  hypo¬ 
thesis  of  7.  7,  Ipat'yey  end  others,  is  erplained  qy  inaccurate  separation 
of  the  scale  layers  in  study  of  their  conpesition) .  Hoverer,  far  fren  every 
alloying  clenent  is  capable  of  increasing  the  corrosion  resistance  of  steel. 
?cr  this  purpose  it  nust  still  xeet  the  follorlsg  basic  requirenests. 

?he  extde  fils  fomsd  by  the  elesent  cast  be  strong  and  dense.  It  is 
necessary  for  this  pur^sc,  as  vs  knov,  that  the  nclecslsr  volune  of  the 
ozida  be  greater  than  the  atonic  vclune  of  the  netal  for  vhich  xt  was  forced. 


this  enounting  to  the  inequality 


■^>1. 


"it  is  true  that  this  vzs  established  vita  ^fnthetie  heratnte,  vhile  the  h«na- 
tine  leycr  on  chrsne  steel  contains  no  chrosius.  It  say  he  assuned,  hovever, 
that  the  chr^nxiun  increaues  the  intexatsnis  bond  forces  in  the  lattice  of  the 
spinel  phase  as  veil. 
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shtre  r  is  the  coiecular  weighs  oi  ihe  o:£ide; 
3  is  the  aio^ic  weight  oi  ihc  actal; 
a  is  ^hc  density  of  the  I'iiE; 

3  is  the  dc-asity  of  the  aetsl. 
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iSrichaent  of  Zraer  Scale  Layer  by  Alloying  Sieneats 

I  1  -s.  -  I  Contest,  %t  in  scale 


Content  a  I  2>aratioa 
steel  before  }  of  hold- 
oxidation,  5e|  tng  in 
j  air  &t 

I  lo-ic",  I 
I 


layers'" 

"  i 


2.7y 

6 

0 

0.16 

7.07 

Sick  . 

56.C 

15 

1.46 

2.25 

52.03 

or 

Chrone 

12-25 

6 

0.61 

1.12 

25-32 

5.1S  ■ 

6 

0.48 

0.64 

6.57 

--f 

Chroxe-aickel 

0-65 

6 

0.14 

0.18 

i.SS 

U 

^uagsiaa 

5-5 

6 

0.6? 

5- >5 

c 

V 

7anadiun 

0-27 

7 

C.C3 

0.16 

0.40 

l.n  1 

5.0? 

4 

1.55 

2.53 

2.50 

Xaaganase 

0.76 

C. 

0.23 

0.67 

0.93 

Si 

Silicon 

2.02 

4 

traces 

Traces 

4.58 

nickel  is  in  the 

scale  in  the 

sstallic 

state;  the  rexaining 

eienents  sre 

tresent  in  the  fora  o£  oxides. 

The  deasesl  fils  is  foraed  ca  iron  or  steel  by  chrociaa,  the.  oxides  of 
rhich  have  a  density  and  xolecular  veigst  neer  those  of  iron  nxides.  Ci^oa- 
iun  is  follosed  by  alnsiscs  and  silicon. 

?he  second  recciresent  cotuiists  in  the  eircunntance  that  the  free  energy 
of  feraation  of  the  alloying  elesent  oxide  tajst  be  greater  than  the  free  ener¬ 
gy  cf  fomation  of  iron  oxides.  In  this  case  the  fils  sill  consist  predoa- 
inaatly  or  entirely  of  the  oxide  of  the  elesgpt  in  ^ufstion.  A  large  mnber 
of  elenents,  iaclnding  ceronins,  aluninus,  and  nilxcon,  seet  this  reauireneat. 

rhas,  chronian.  altaincs,  aad  nllrccn  are  the  best  scitsd  as  alloyiag 
elcnants  vhich  increase  the  corrosion  resistance  of  ateel.  In  fact,  as  ray 
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ie  sees  fro=  Pifsire-  >21  Ar>>7.  -or  eyarple,  chrosiur  ard  alusisar  in  iinary 
aiioyo  si ah  iroa  r^d-ce  ihe  addiaiorsl  seigba  cc^seo  hy  aaeir  oxida- 

aii.a,  ahe  coaceaaraaioa  oi"  ez.ch.  o~  ahe  eieaeaas  aeeded  ao  acaieve  aha£  goal 
beiaij  aae  ^eaaer,  ahe  higher  is  ahe  heaaisg  aeapsrature  oi  ahe  alloy.  Since 
ahe  iila  is  enriched  by  one  oi  -hese  elenenas  aa  ahe  expense  oi  the  ixcny  in 
ahe  aroc^ss  oi  iasaiag  service  aa  ha^  aenperaaures  ahe  coaaena  02  ahe  alloy¬ 
ing  elcnena  in  ahe  alloy  de  .eases.  A  difference  in  concenaraaions hetseen 


ahe  core  and  surface  is  herenson  creaaed:  ahe  conaena  of 


ahe  elenent  is 


snalier  in  ahe  cuter  layer  of  the  alloy  than  in  ahe  center.  ?hus»  in  a  bin¬ 
ary  iron  alloy  -Biah  i55»  A1  after  heating  at  1550°  -o-  50  hoars,  a  0.7ft» 
decraase  in  iiae  alaninus  conaena  in  ahe  outer  layer  of  a  specimen  20  m  in 
dsanetcr  as  c«spare<J  to  its  center  {14.5155  and  i5»75^)  ^5^*  4  sinilar  ef¬ 

fect  is  observea  riah  aernaiy  alloys  of  iron  arith  chrosiuu  and  alaainua. 

Of  ^*'■1  ahe  recuirenents  referred  ao  above  iliich  an  alloying  eienent  EBist 
neet  in  ordea  to  increase  the  fire  resistance  of  steel,  its  effect  on  the  cos- 
position,  strucaaire,  and  properties  of  the  scale  is  apparently  the  decisive 
one.  Siany  elenests  for  which  the  condition  of  formation  of  a  dense  oxide 
filn  is  net  do  not  increase  the  corrosion  resistance  of  steel,  and  certain  of 
then  even  lover  it.  Such  elenents.  for  exasple,  are  vanadiua.  nolyedenus, 
tungsten,  and  boron.  Shis  is  explained  ty  the  specific  properties  of  their 
oxides.  She  volatile  oxides  cf  nolyhdenus  not  only  disrupt  the  continuity  of 
the  filn  which  foms  on  the  steel  alloyed  ty  then  bat,  coning  is  contact  'sith 
the  surface  of  other  corrosion-resistant  steels,  in  joint  heating,  for  in¬ 
stance,  also  destroy  the  oxide  fila  of  the  latter.  She  oxide  files  on  steels 
alloyed  vlth  vaneaiun  are  easily  fusible.  She  oxide  of  vanndiun  apparently 
dissolves  the  oxides  of  other  netals,  this  contributing  to  lovering  of  the 
corrosion  resistance. 

Such  an  alloying  elenent  as  nickel,  on  the  other  hand,  increases  the 
corrosion  resistance  of  steel,  at  any  rate  In  the  case  of  ozidaticn  in  a 
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figure  520.  Uarataion  or  incucation 
vxsduczioc)  period  Tor  Irthl  3  steel 
versus  tenpcratiure.  Air  net  dried. 

(a)  »eignt  increase,  sg/ca  ; 

(b)  tine  (ig  7-). 


/  fj  / 

reaxnr  of  air-  As  na;  be  seen  iron  Pigare  322  (based  on  research  by  V.  V. 
Ipafyev  et  ai.  /755,  ?.  S^,  in  nhich  the  values  or  the  oxidation  rate  con- 
^  ?-o.ted  agaanSk  rhe  conpssitron  for  binary  iron-nickel  al¬ 

loys,  zhe  greatest  increase  in  the  corrosion  resistance  of  the  latter  occara 
-ce  n^c^el  coa..ent  is  raisea  to  20  to  25S.  A  study  of  the  scale  on  these 
-oys  has  s„oun  -ha-  -he  tnickncss  of  the  -nstite  layer  decreases  upon  the  ad- 
ciwion  of  nickel,  and  this  layer  is  absent  altogether  froa  the  scale  i*en  the 
alloy  contains  255S  5i. 

T.U.1TT1 
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321.  Sffect  of  al«-»'»T-nTt  (a) 
end  enroniun  (b)  on  the  corrosion 
resistance  of  iron  alloys  at  var¬ 
ious  tenperaturess 

500®;  2-75  hours 
a.  1000  ;  5  _  5  hoars  at  1100®; 

-f  -  2  hours  at  1200®; 

(a)  veight  increase,  g/ca^. 
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Kichsl  additio:.c.lly  increases  ^.he  corrcsioa  resistance  of  steel  alloyed 
rith  csrcaiiia,  including  austenitic  steels.  She  extent  oi  the  effec*.  cf 
nickel  on  the  corrosion  resistance  increases  Trith  elevation  oi  the  tc^i.e.s— 
ture. 

Sable  90- 

Hininun  Anotuits  of  Sickc-l  keeuired  to  3nsure  Satisfactory 


Corrosion  Hesistance  at  Various  Teaperatures 


1 

Consent,  p  -j 

1 

j 

I 

] 

1 

1  o: 

r  nickel.  %.  at  teaneratures,  °C,  of 

. j 

j 

aTO  1 

i 

1 

1  MO 

1  13CO 

1 

n 

2S 

30 

48 

ss 

is 
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IS 

30 

41 

21 

0 

c 

4 

a** 

2B 
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0 

3 

s*— 

31 

0 

1 

0 
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in  extent  of  corrosion  net  exceeding  2.5  sc/year  has  been  adopted  as  the 
criterion  of  satisfactory  corrosien  resistance. 

*  She  corrosion  resistance  is  lorered  senevaat  «ith  20  to  503» 

**^?he  corrosion  resister-ce  is  losrered  senexhat  xith  20  to  4C^  Si* 


As  is  to  be  seen  froa  Sable  90  'wliich  pertains  to  industrial  steels 

containing  0.53  to  C.40!a  C*  nr-  to  1.2^  Si,  and  0.^  l£a,  seen  the  steel  con¬ 
tains  acre  than  20%  Cr,  the  oininaa  aacnnt  of  nickel  needed  tc  assure  satis¬ 
factory  corrosion  resxstacce  even  at  1200°  does  not  exceed  6  to  9^*  Of  great 
interest  is  the  fact  that  when  the  alloy  contains  over  30%  Si,  i.  e.,  in 
nickel-based  alleys,  even  less  than  12%  Cr  is  safficient,  and  when  it  con¬ 
tains  over  £0%  even  as  little  as  10%  Cr,  to  ensure  satisfactory  corrosion 
resistance  at  1200°.  This  fact,  on  xhich  the  corrosion  resistance  of  Sichroaes, 
alloys  of  the  Siaonic  type,  etc.,  is  based,  is  ascribed  to  the  foraation  on 
the  surface  cf  the  alloy  of  an  ozice  fila  consisting  of  ^inel  SiO  '  Cr^C-. 
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.'Cce  snouic.  axso  be  :x.iie  ci  zne  circu::stasce ,  unfavorable  for  practical 
“i*- ‘•“it  aaaganese  ozrdes  possess  fsor  orotective  sroperti.cs  on  both 
ciUSker_i.ic  and  zerritic  steel»  Zt  is  consequeatly  far  fror  alrays  possible 
i-o  s'ubstitare  chroaiuii-aasgaaese  steels  for  chroriur-nickel  ones  as  heat- 
.  e.:>2.s..<^.4.  steels,  despite  the  fact  that  chxoriua-naaganese  austenite  is  even 
*®  caroaiua— nic.aei  austenite  vith  respect  to  corrosion  resistance* 

*ne  ordinary  inpurities  '“•ave  a  negative  effect  on  the  corrosion  resistance 
Oi  »_t:.sls.  rnus,  lor  eranple,  connercial  nichel  oxidizes  such,  uore  rapidly 
.ban  does  para  nickel.  Annealing  of  nickel  in  vacuo,  vhich  results  in  addi- 
.icnal  renoval  of  the  inparities  fron  it',  appreciably  reduces  its  oxidation 
rate  /jlTJ.  c^bon  and  oxygen  are  particalarly  harafdi  in  steels.  The  ex¬ 
tent  of  their  effect  is  not  altogether  unifera  in  different  steels,  this  de¬ 
fending  chiefly  on  tne  fora  in  ^hich  they  are  present  in  the  latter.  In  pzr- 
.icuiar,  carbon  scarcely  iapairs  the  corrosion  resistance  of  steel  if  it  is 
dissolved  in  the  basic  aass  of  ferrite  or  austenite,  ay  being  present  in 
s.eel  in  the  carbides,  on  the  other  band,  carbon  lovers  the  corrosion  resist¬ 
ance  of  steel  fer  tvo  basic  reasons*  (l)  due  to  the  fact  that  it  hinds  a  great¬ 
er  or  lesser  aaoant  of  the  basic  alloying  elenent,  generally  chrosiun,  caking 
the  basic  aass  poor  in  the  latter,  and  (2)  due  to  the  fact  that  the  presence 
of  a  carbide  phase  renders  the  structure  of  the  steel  inhomogeneous.  Intensi¬ 
fication  of  the  inhouogenei^  of  the  structure  is  apparently  also  the  chief 
cause  of  the  harsful  effect  of  the  osqrgen,  since  iapoveri absent  of  the  basic 
=sss  in  certain  alloying  eleuents  (aluaisu,  8ilic«*a,  chrcwiua,  etc.)  bound 
vith  the  oxygen  can  scarcely  play  a  vital  part,  due  to  the  insignificant  quan¬ 
tity  of  the  hound  eleaent.  ?he  inhrezogenei^  of  the  structure  of  the  steel  is 
intensifiea,  on  the  other  hand,  vhen  the  oxides  of  such  elesents  as  have  prac¬ 
tically  no  effect  on  the  corrosion  resistance  of  the  steel  ere  present  in  it. 

She  efiect  of  the  carbon  due  to  the  first  cause  sust  naturally  he  the 
lesser,  the  core  there  is  of  the  active  alloying  elesent  in  the  steel,  liever- 
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Sigure  522.  Sffeot  of  nickel  on  the 
corrosion  resistance  of  ?e-Si 
allojs  at  5^0**  ic  a  ncaiuE  of 
air.  ^ 

(a)  oxidation  rate  constant,  a. 


-O  so  hS 


theless,  the  negative  effect  of  the  carbon  is  considerable  even  in  this  case, 

.  as  is  to  be  seen,  for  ezenple,  fron  Signre  323  for  an  alloy  xith  255»  Cr 

and  5>  -il,  vhich  vas  subjected  to  oxidation  at  1200®  for  240  hours.  She 
reight  losses  corresponding  according  to  this  diagraa  to  a  definite  carbon  cor 
rent  are  due,  of  course,  to  the  total  effect  of  the  carbon.  Hence  the  intro¬ 
duction  into  steel  of  a  nore  energetic  carbide-foraing  elesent  than  chrociaa, 
say  titaniun,  reduces  the  >n»-ra fn'i  effect  of  the  carbon  bat  cannot  eliainate 
this  effect  entirely,  since  the  role  of  the  carbides  persists  as  a  factor  in¬ 
creasing  the  inhanogeneity  of  the  stxnctaxe  of  the  alloy. 


figure  323*  Sffect  of  carbon  the 
corrosion-resistance  of  an  iron  al¬ 
loy  aith  23^  Cr  and  3^  11.  Heating 
“t  1200''  for  24  hours. 

(a)  Teigbt  loss,  g/a^. 


?he  corrosion  resistance  of  steel  apparently  depends  little  on  shether 
it  is  ferritic  cr  austenitic  at  the  operating  texperature.  Conreqnently,  the 
effect  referred  to  above  alloying  elssents  and  ixporlties  applies  basically 
both  to  ferTTitic  and  tc  sostenitic  steal.  1m.  particalar,  the  effect  of  car¬ 
bon  l-eo-nes  negative  in  iistenitic  steal  aa  veil  vhen  It  is  contained  in  an 
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iiounx  such  thaw  a  substantial  cuarstity  of  shrotiiua  carbides  chich  save  cot 
been  converted  to  sclution  are  present  ij  the  structure  of  the  steel  at  the 
operating  lenperature. 

TTe  shall  not  deal  here  rrith  the  positive  effect  of  very  saall  aidittons 
of  certain  rare  elenents  on  corrosion  resistance*  since  this  effect  is  appar¬ 
ently  due  chiefly  to  the  specific  cchditions  of  service  of  the  heating  ele- 
nents. 

use  has  begun  in  recent  y'ears  of  setaaics  or  cemets  as  heat-resistant 
aateriais  for  a  nunber  of  parts.  Hence  it  is  interesting  to  note  that  the 
neehanisn  of  oxidation  of  such  naterials  as  hign  teaperatures  and  the  condi¬ 
tions  vhich  ceteraine  their  corrosion  resistance  are  fUndasentally  the  sane 
as  for  steels  and  alloys.  7heir  oxidation  rate  as  veil  is  detexnined  by  dif¬ 
fusion  of  the  ions  of  the  netal  and  oxygen  of  the  carbon  atoas  through  an 
oxide  filn*  in  consequence  of  vhich  the  composition  and  structure  of  the  film 
plays  a  decisive  part. 

?hns«  vith  a  ce^et  based  on  titaniua  earbides  end  containing  Cc  /ef. 
75^ »  the  oxide  filn  forsei  upon  oxidation  in  the  600  to  1000®  teaperatare 
range  consists  of  tvo  layers;  the  outer  layer  consists  of  Co^O^*  or  CoO,  de¬ 
pending  on  the  teaperature*  nile  the  ixinsr  layer  consists  of  zutile  (SiO^} 
ulth  inclusions  of  netallic  cohalt.  3hs  c<»pounds  C»7i02  and  Co^TiO^  are  also 
fomed  at  1100®  ss  the  result  of  reactions  bstwen  the  tvo  layers*  Upon  addi¬ 
tion  of  tungsten  carbide  in  a  quantity  such  that  the  oxide  fomed*  WO^*  is  com¬ 
pletely  dissolved  in  rutile,  the  difftasion  rate  wf  the  ioUs*  and  accorkin«^j 
the  oxidatisn  rate*  are  reduced.  If  the  quantity  of  the  70-  foxsed  exceeds  the 
Units  of  its  solubility  in  rutile,  thou  CaSiO^,  Co^ElO^*  and  Co70j^  appear  in 
the  oxide  fiia  in  addition  to  the  CoO  and  TiO^*  This  ispedes  diffusion,  ap¬ 
parently,  because  of  increase  in  the  nasher  of  phase  boundariss,  and  addition¬ 
ally  increases  the  corrosion  resistance.  With  an  even  greater  quanti'^  of  the 
tungsten  carbide,  vhes  the  oxide  film  contains  f^ee  ¥0^,  the  corrosion  resist- 
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ance  zs  impaired.  The  uorrosion  resistance  initially  drops  upon  the  addition 
caromua  carbide  Cr^Cg*  Only  with  such  a  cusntity  of  the  added  chraa— 
lun  carbiae  that  the  quantity  of  the  chrotiius  oxide  fonain^;  in  the  scale  ex- 
cek.ds  Its  iint  of  solubility  in  rutile  is  the  fire  resistance  increased  due 
-o  -.ae  CoTiO^  and  Cr^O^,  Upon  the  addition  of  tantaltm  and  niobius  carbides 
in  the  asoant  of  i^,  tae  layer  of  scale  after  heating  at  1000°  for  75  hours 
consists  oi  CoO,  netailic  cobc^t,  and  a  solid  solution  (2±,  Ta,  Bb,  Co)02  of 
•■ae  rutile  type,  'nith  a  content  of  the  tantalus  and  niobius  carbides  of  5  'to 
ICyD,  tae  scale  consists  of  Cop  and  (?i,  ?a»  Kb,  Co)0..,  and  with  an  even  great¬ 
er  content  only  of  (Si,  la,  Kb,  Co)0_. 
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5.  -THS  ?HIKCI?AL  TYrSS  0?  THSHiiALLY  STABLS  AI!3  HSIT  HSSISTAKT 
STEELS  i!;3  ALLOYS  AiiD  TESIH  liOST  I2i?OETA2iT  CHAHACTZHISfICS 

The  variety  of  the  requirements  set  for  thermally  stable  end  heaiproof 
materials  has  led  to  the  development  of  steels  and  alloys  of  various  types 
thich  correspond  to  sore  or  less  concrete  service  conditions  of  articlesi 
chiefly  to  a  definite  range  of  service  tenperatares,  duration  of  load  applica¬ 
tion,  and  magnitude  of  the  latter.  Pearlitic  and  ferritic-mextensitic  steels 
are  employed  as  thermally  stable  steels  up  to  a  temperature  of  around  550°. 

As  heatproof  materials,  i.  e.,  at  service  temperatures  above  550°,  use  is 
made,  depend* ug  on  the  service  conditions,  either  of  austenitic  steels  or  of 
•  nickel-  and  cobalt— based  alloys.  Alloys  based  on  chromium,  molybdenum,  and 
other  hign-melting  metals  have  been  developed  in  part,  and  are  undergoing 
intensive  development,  for  the  hipest  service  tesperatures.  Finally,  for  a 
number  of  machine  parts  use  is  made  to  a  certain  extent  of  special  materials, 
also  undergoing  development,  vhicb  consist  of  mixtures  of  various  chemical 
compounds  and  metala  and  xhich  are  manufactured  Iqr  the  method  of  compacting 
and  sintering;  they  are  thus  termed  setaaics  or  eerzats* 

A.  PSA2LI2IC  AS3  232233?IC-lJlKS5SmC  THEHialLT  SSAILS  SSSSLS 

Pearlitic  ateela 

Pearlitic  steels  are  less  heatproof  than  the  aastenitie  ones,  bat  differ 
favorably  from  the  latter  in  their  lover  thexaal  expansion  coefficient,  hi^er 
thermal  conductivi^,  better  technological  properties  (particularly,  better 
not  dsfcrmabiiity  and  machinability  by  cutting},  higlier  notch— isoact  value, 
the  possibility  of  modification  of  their  properties  over  a  vide  range  by  heat 
treatment  and  the  use  of  magnetic  control  methods,  and  their  lever  cost. 

basting  service  at  temperatures  up  to  550°  may  cause  the  folloving  highly 
important  processes  in  pearlitic  steels:  spheroidixing,  coagulation,  and 
change  in  the  composirron  of  the  carbides,  and  hence  in  that  of  the  solid 
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solution  as  reii,  graphitising,  processes  isparting  thermal  brittleness  i-o 
the  steel > 

-he  dcveiopnent  of  processes  of  spheroidis'ng  and  coagulation  of  the  car¬ 
bides  is  enhanced  not  only  by  long  exposure  of  the  steel  to  service  tempera¬ 
ture,  bus  also  by  the  service  stress.  2he  effect  of  the  stress,  vhich  iS 
confimed  in  laboratory  tests  ^84^,  is  explained  by  acceleration  of  the  dif¬ 
fusion.  ?or  the  sane  reason  prelininary  cold  vrorhing  greatly  facilitates 
globular  fomation  and  coagulation  of  carbides  •  5ii®se  processes  lead 

to  softening  of  the  steel,  both  the  short-tern  strength  characteristics  at 
roon  and  elevated  tenperatures  and  the  creep  resistance  being  lowered.  2he 
report  that  t!. ,  hardness  of  Bi579  steel  (xable  9l)»  f-oa  which  tnicJc— walled 
pipes  for  hydrogenation  plants  had  been  aanufactured,  dropped  fron- 280  to 
ioO  after  service  for  40  to  50  thousand  hours  at  55®*  ^nd  a  pressure  of 

a 

500  to  700  ata  gives  an  idea  of  the  possible  extent  of  such  softening.  With 
specinens  of  this  steel  water-cuenched  froa  1100**,  the  ultisate  strength  at 
roon  teaperature  dropped  froa  140  to  100  ig/ca  after  tespering  at  550  for 
3OCO  hours  !rhe  plasticity  and  iapact  ductility  are  hereupon  generally 

increased  to  a  greater  or  lesser  extent. 

?he  process  of  spheroicizing  and  coagulation  of  the  carbides  during  ser¬ 
vice  of  a  part  can  be  greatly  reduced  by  short-texa  holding  of  the  part  at  a 
teaperature  100  to  120**  higher  than  the  service  teaperature.  This  is  the 
goal  of  stabilizing  treataent  of  theraally  stable  steel.  Data  are  given  in 
the  literature  froa  whxch  it  is  to  be  inferred  that  heating  of  steel  at  65O** 
for  5  hours  renders  it  stable  against  spheroidization  at  450^  for  100  thous¬ 
and  hours,  and  that  holding  of  around  10  hours  at  650**  is  equivalent  to  100 
thousand  hours  at  a  service  tenperature  of  5OO**.  Eswsver,  irhese  data  fail  to 
•allow  for  the  accelerating  effect  of  the  service  stresses.  The  carbide-forc¬ 
ing  alloying  elenents  introduced  into  steel  with  the  ais  of  raising  its  themal 
stability  also  retard  the  processes  of  spheroidizing  and  coagulation  hy  increas- 


aCL-659/?  (2) 


75 


€  -v 


-“S'  ■i-e  ia^eraroiic  ioxc  sire&ilh.  ir.  me  carbide  chase  and  the  solid  soiuticji 


less  Stacy 


steel  Bhich  are 


cas 


thus  far  been  devoted  to  the  cnsr-ses  an  the  or-  ‘es  of 
to  recistribation  ci  the  alloying  elements  bet  jan  the 


solia  solution  and  the  carbide  phase  during  the  service  of  the  cart,  if,  as 
ts  generally  the  case,  themodynani e  balance  nas  cot  achieved  upon  prelicin- 


ary  tempering.  It  has  been  shosn  by  cxperieent  that  the  reduction  of,  say, 
nelybcenun  in  the  solid  solution  in  the  event  of  service  for  tecs  of  thoas- 
accs  of  hours  at  5^0  to  550°  =s.y  be  substantial  /91^«  Hence  such  study  is 
s®tng  devoted  at  present  to  the  hisetics  of  these  processes. 

t-  achieve  fall  themodynenic  balance  in  a  steel  cay  lead  to  the 
.  process  of  graphitisation  during  protracted  service  of  the  steel  at  elevated 
tenperaiares.  Graphitination  is  observed  the  cost  frecaently  in  the  arelded 
’Oints  of  high-pressure  steas  conducting  pipes.  She  appearance  of  graphite, 
shich  has  a  los  strength  and  is  crystallocheaieaily  hound  only  veakly  to  the 

nay  lead  both  tc  softening  of  the  steel  end  to  presature  brittle  fail¬ 
ure.  it  one  tine,  certain  investigators  considered  grap]iiti3atio&  to  be  one 
of  the  causes  of  discontinuity  of  the  strai^t  lice  oc  the  logarithxic  stress  - 
tise  to  failart  diagran  (Figure  502c). 

Study  01  this  effect  /STt  et  aX^  has  sheen  that  the  probability  and  ex¬ 
tent  of  graphitination  are  icflusnced  by  the  cathod  of  deoxidation  of  the 
steel,  its  coeposition  and  beat  treatnent,  as  veil  as  by  the  stresses  and  work 
nardeEiEf .  xhs  txo  last— caned  factors  contribute  to  graphitization  apparently 
becaase  they  accelerate  achierenent  cf  a  state  which  is  icteruediate  with  re¬ 
spect  tc-  eqailibriac,  i.  e.,  coagulation  of  the  carbides,  since  coarse  carbides 
are  less  resistant  to  grapnitization  than  fine  ones.  3hss,  for  exssole,  it 
has  been  desonstrated  /847/  that  in  the  event  of  considerable  creep  the  graphite 
fomed  does  not  have  a  round  shape  bat  less  favorable  elongated  and  radial 
ones.  Apparently  also  related  to  the  accelerating  effect  of  stresses  is  the 

j  circanstance  that  graphitization  proceeds  core  readily  in  welded  joints.  Hence 

[ 
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*'<.<.cod£  o;  grea,;_j  redvc-ng  iii&  tetdescy  sorard  grapaitisatioa  is 
®  is  ai£;a-teaperaiiir£  anEealisg  or  xhis  zoad*  ana  an  aves 
~~  j-OiOr.gea  seatasg  o;  ;ae  zone  st  a  teaperature  saaexha^  higdi” 

. “*^1  -or  ihe  purpose  of  relieving  ths  stresses. 

iteei  v-xch  has  been  deoxidised  by  aluaiisin  in  the  anoant  of  0.02iS  or 
csiv  sy  siiicon  is  relatively  resistant  to  eraphitisatioa.  Kotrever,  the  in- 
■-c._c.4  c-  o.Qcos  jvi  sharpiy  increases  the  tendency  of  the  steel  tsvard 
*  -‘—fin*  ji-ueap,s  iiave  seen  nade  to  connect  this  circusst&nce  to  ab- 

.he  — »ec_,  i.  e. ,  vo  an  increased  rate  of  spheroidisatioa  and  cc- 
>c„  o^  .ne  caroraes.  aithin  the  iinita  of  their  a«nal  content  in  steel. 
Si. icon  and  sanganese  have  a  slight  effect  on  graphitisaticn.  As  is  to  be 
expectec,  carbon  favors  graphitisstion.  Hence  it  is  recenneaded  that  the  ancaat 

ca-oo..  ^  d;e^.  at  tse  ioxer  linis  ia  order  to  reduce  the  danger  of  graphit- 
isatioa. 

Carb.tn  steel  possesses  the  greatest  tendency  toward  granhitisation.  Of 
w..t:  alio.,ias  eiecents,  nclyedenus  has  an  appreciahic  retarding  effect.  Shas, 
in  steaa  pipes  of  carbon  steel  granhitiaatioa  is  asuaily  observed  at  service 
.e....^. avc.es  aoove  425  ,  end  in  those  of  steel  containing  0.55t  Jio,  above  480°. 

posi...e  _._s.,v  c*  enroniaa  is  nach  greater;  shen  present  in  an  enount  as 
iittle  as  0,25S  it  conpensa'-es  for  the  hamibl  effect  of  an  increased  anoanS 
Of  aluninan  on  granhitisation.  A  sinultanecus  content  in  the  steel  of  about 
C.5S  40  and  O.pi-  Cr  effectively  prevents  graphitization  under  the  conditions 
possioie  an  practice  idiich  have  been  studied  thus  far. 

AS  a  result  of  long  service  at  elevated  tenperatures,  therr.aiiy  stable 
tearlitic  steels  nay  ac<^re  a  brittleness  which  according  to  A.  2.  Horzdyka.s 
saggestien  nay  be  temed  j^emal  brittlenes,.:.  ?wo  tyoes  of  thexaai  brittle¬ 
ness  are  distinguished.  Hrittieness  of  the  first  tyre  consists  in  a  sharp 
drop  in  the  inpact  ductility  of  the  steel  (acre  accurately,  in  elevation  of 
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-i.fc  critical  te=per£:?:re  of  ‘i^rli-iieaess)  as  a  rasuit  of  prolonged  hsialag 
riahin  a  dsfiaite  ^eapera^ure  range,  even  rithonn  load:  this  is  not  accon- 
i-sr.ied  by  nccific&taon  of  the  other  aechanical  characteristics  and  physicei 
tropertten  of  the  steel,  fheraal  brittleness  of  the  first  type  is  a  ftily 
reversible  paescnenon.  ?he  kinetics  of  its  develonnent  do  not  differ  fros 
the  kinetics  of  developnent  of  reversible  tenser  brittleness.  Alloying  ele- 
nents  affect  it  in  the  S£3e  direction  as  they  do  tenper  brittleness.  2heae 
circunstances,  as  ■sell  as  the  siniiarity  in  a  nan'oer  of  other  naaifestations, 
tersit  the  aasnnption  that  the  nature  of  themal  and  reversible  tasper  brit¬ 
tleness  is  tne  sane,  ihe  fact  that  the  developnect  of  themal  brittleness  is 
intensified  under  the  effect  of  lead  cannot  alter  this  thesis,  iccoriing  to 
enr  asmaptiens  cesceming  the  nature  of  themal  brittleness  (see  p.  280  and 
ibis  =ay  be  ascribad  to  the  fact  that  plastic  defomatioa  accelerates 
fsrnaticn  af  the  ^  phase  in  the  boundary  layer  of  the  grain,  in  fent«  it 
aas  .een  established  by  ezt-erinent  that  only  such  static  stresses  as 

are  eatable  cf  ceasing  appreciable  creep  rs  steel  nay  accelerate  the  develop- 
scr.t  of  themal  brittleness.  On  the  other  hand,  if  leading  causes  so  sub¬ 
stantial  plastic  defamation,  it  also  has  no  effect  on  the  process  of  essrlt- 
tlenent  of  steel  tith  tine.  ?he  themal  brittleness  ia  nanifested  in  elera- 
lion  cf  the  critical  tenperatare  of  steal  eabiittlenent.  The  danger  of  fail¬ 
ure  of  a  part  under  Imediate  effect  of  the  service  tenperature  due  to  themal 
orittieness  of  the  first  type  nay  be  ignored,  acssTer. 

Tnema.  brittleness  of  the  second  type  consists  in  a  sharp  drop  chiefly 
in  c^ongatren  an—  redustaon  in  area  of  the  steel  as  a  result  oi  prolonged  heat¬ 
ing  unaer  lean.  Sense  a-  H.  Sortdyhs  proposes  that  brittlesess  of  this 


type  be  temed  “static  themal  brittleness"  to  distinguish  it 


fron  themal 


u--tti«nes3  of  the  first  type,  ahSch  he  designates  as  "inuset  brittleness**. 
It  has  aise  been  suggested  that  brittlesess  of  this  type  be  called 

“themsl  yeaherang*.  since  %  drop  in  inpact  daetility  {Fig.  52^)  and  nltinatj 
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str^T-c-'-  -s  ob^trvcd  is  _ =.=11.  1~  secss  us,  hcsever,  cliai.  it 

is  not  z.i  riasble  -o  call  tlis  eii.  st  themal  brittleness  nt  all,  since  it  is 
the  rex;lt  of  processes  eh.cn  ca-ace  intercrystnliine  failure  alone  the  rij^it- 
hanc  h:  anch  c*  the  stress-iina  to  failure  line  (Fig-  302cj.  2hese  processes 
cepend  not  ;nly  on  the  temperature,  but  tc  no  less  an  extent  os  the  duration 
cf  load  action  and  the  nasnituce  of  stress-  xhe  nature  of  these  processes 
(tne  assunpti -■^s,  inciudine  o--»rs,  as  to  their  nature  uere  discussed  on 
/lussijin/  p-  differs  fron  that  of  themal  (end  teaper)  brittleness,  if 

this  phanonencn  is  nevertheless  considered  to  he  cne  of  the  types  of  themal 
britt.enesu,  then  irreversibility  should  be  regarded  as  its  basic  distingairh- 
ing  feature-  It  has  been  denonstrated  /S^b/,  it  is  true,  that  up  to  a  certain 
test-period  length  the  rnpact  ductility  can  he  restored  by  heat  treatment  and 
that  a  certain  inprarenent  in  plas“icity  and  toughness  is  also  achieved  by  ap¬ 
plying  heat  trcatnent  in  different  stages  of  heating  under  load.  Bat  if  the 
steel  has  been  heated  under  load  in  excess  of  a  definite  period,  heat  treat¬ 
ment  no  longer  improves  either  the  impact  ductility  or  the  other  properties, 
2-??At'entiy  hecanse  in  this  case  the  drop  in  plasticity  and  ductility  is  the 
result  of  local  failures,  i.  e.,  the  formation  of  ._ne  cracks  in  the  materials. 
It  thus  seems  to  us  that  it  is  advisable  to  designate  thermal  brittleness  of 
the  second  type  as  "irreversible  thermal  brittleness". 
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ngare  p2— .  xnpast  ductility  at  20  of  chromium- nickel— 

— ^l^bdenmn  steel  after  prolonged  lead  application  at 
v5r*  to  emd  i?'  =  pO  kg/mm^  (zibel*  and  Teiiingar) 

o  -  ^EO®;  •-  >00°;  (a)  S;^,  (b)  duration  of 

load  asnlication,  hours. 
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^*“'  »*  *  Sy  •;^Oic«*_j€C  2>Cw«C2X  OZ  ^feIsptirS«'*»^S 

i»s6— ^  2.3  &1  sc  z.2i6'V^  «3.d1.v  s«^3^2r— nS'CS^d  on  i.nnfev^nsi.s.s  cni »-— .cssns  in  n  jiimc&n 
of  steels.  Shis  -?v  in  ^i:~  faciiicaoe  -he  recurrence  of  cracks  aloag  rhe 
Crain  hour.daries  due  rc  Isiering  of  ihe  rear  resistssCe.  Heat  rreetseat  er- 
slcj'ed  before  rhe  apr-earance  cf  cracks  is  the  ereei*  as  ■seii  as  irecuea-iy  re- 
seared  hcldis^  -sder  load  at  various  stages.  apparesti”t  iserease  tse  tise  to 
failure  to  a  ccssiderable  eiteat  bj  eiisisatisg  the  reTersibie  tbersal  brittie- 
_i;eso  vhich  r^-r.  cevelosec  bv  this  tire-  3his  is  also  attested  iy  the  fact  taat 
heat  treatsest  {high  tesseratare  ssseal)  yleics  the  greatest  effect  is  steels 
rhich  possess  increased  sensitivity  to  reversible  theruai  brittienass. 


Hlgarc  52y-  Uiagran  of  effect  of  preiit:inary  load  applxca- 
tioa  at  500*  oa  iapact  ductility  at  20®  of  steel  sensi¬ 
tive  (a)  and  only  sii^tiy  sessitive  (b)  to  eabrittle- 
nent: 

1  -  fractured  specinen;  2  -  after  load  applicatioa 

2  2 
at  ^  »  10  kg/na  ;  5  -  sene  at  &  m  ZO  ki/ns  ; 

4  -  sane  at  6*=  50  kg/sn^;  y  -  sane  at  &  a  40  kg^/nn^; 

2 

(a)  a^.,  ks=/®=  •  {®)  duration  of  load  application. 


?he  diagran,  borroaec  fren  ?un  end  Hikhara  and  shoxn  in  Sigare  52?* 

of  change  in  inpact  cuctiii:^^  versus  duration  of  load  application  at  various 
tenperatures  for  steels  xnicb  are  hipiiy  and  only  sli^tly  sensitive  to  rever¬ 
sible  themal  brittleness  semits  the  asssnption  that  for  the  fomer  (ebrosias- 
nickei-nolybdenun  steels  in  particular)  the  chief  casse  of  the  sharp  drop  in 
inpact  ductility  after  prolonged  load  application  at  an  elevated  tenperature 
(cf.  ?ig.  524)  is  reversible  themal  brittleness,  the  dev^opnent  of  xhich  is 


veT. 
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&-  -j  iy  ihc  s%rvice  sircss.  ^  euestion  arises,  soreverj  shy  Is  iz 

-or  fi  ruaosr  ci'  steels  r:.ich  are  csiy  slightly  sensitive  to  reversible 
*■  •—£  -s^rp  wTop  is  SiastiCity  arc  istercrystaliise  isilttre 

b.i--iesess}  is  severtaeless  accotipasied  by  only 
.  i-op  is  ispatt  ssictility  at  rocs  temperature  is  the  event  of  pro- 

^vnge-i  .oac  application  at  high  tesperatsres?  Shis  say  be  ascribed  to  t*o  cir- 


s-a^es,  a-  least  sot  os  ail  beasuary  layers,  takes  place  is 

-sis  ease.  Is  this,  in  orr  opisios,  lies  the  second  reason  that  isterseciate 

-.sa—en-  is  sti^a  capable  of  restoring  the  properties.  On  the  other 

— ^ocessfcs  oi  gloealar  foraation  and  coagalation  of  the  carbides  also 

ee.  ._e  curing  prolonged  load  application  at  elevated  tesper- 

es,  -sis  ieacisg  to  increased  ispact  ductility  at  rocs  tesperatura-  It  is 

-.rue  tnat  plasticity  also  increases  an  a  result  of  these  prccesses.  but  it  is 

^e  .e...  ►enpera-are,  since  the  grains  thesseives  scarcely 
Jtuderge  deferuatioa. 

^  ^  1=  or  tho  d-rre.-^-.  ootur,  or  a.  t.o  or  rtex^al  iTiruo- 

-«.s.  al^orric  0^0=011,  a-d  otdor  rootors  loj  «»«  .  iiilaat  rf-roct  o»  tfcodi. 

dovoios=o=-,.  id  pdrtiosid.-.  tdd.-=dl  teltSlodddd  id  iKoddirrod 

ec-w-.,  ap^cn^y  in  consecuence  of  cridation  of  the  eenkened 
boundary  layers.  Eenoe  the  sensitivity  of  steel  to  ir^versible  ther^ 
orittleness  decreases  vhen  it  is  alloyed  vith  elements  ehich  raise  its  heat 
-'eststance.  rnus,  according  to  certain  observations  silicon  and  aluninun  er- 
.  .  nos  e  ei^ect.  increased  heat  resistance  is  probably  also  one  of  t-e 
i-ort^t  reasons  that  steels  containing  5  to  Cr  are  less  sensitive  to  ir. 
reversible  the...ai  brittleness  and  that  this  effect  is  hardly  ebserved  in  high- 

s^els.  d.itn  the  ie.-.t  resistance  practically  identical,  the  sensitivi^ 

of  &  steel  to  irrsvarsiiie  thsmnl  brit^lenee-  —.r. 

tv.ienes - ws»,  as  a  rule,  be  reduced  bv 
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i-llovir-i  elements  ichicr.  incrr5.se  iis  creep  resis-srce  under  coaci-ions  in 
shier,  difi'usicr.  plasiiciir  uechiT-isus  predouin^te,  since  coih  are  nchicrcd 
ouin^  uc  ihe  surenrunenir.^  ihe  ir.ieraeomc  bond  and  ^reaier  orderliness 
J'i’  me  ^ain  bouncarv  layer,  duen  elenenrs  include  noly'odeaun,  vanadiun, 
liianiun,  anu  niooiun,  in  oariicu.ar.  Bur  ir  iollous  iron  the  dcregoin^  rhar 
alloying  elenents  nay  hare  a  cidferenr  cuanri rari ve,  and  even  qualitative  ef- 
icot  on  ihe  senalriviiy  s'"*!  rc  irreversible  memal  britrleness  and  its 
creep  resiaianae,  if  mese  elener-is  are  contained  in  the  sreel  in  a  conbina— 
t-on  such  zhat  ihe  lazier  accuires  a  great  tendency  toward  reversible  themal 
hrzzzleness,  eszecial_y  under  zhe  sinulzanesus  aezion  of  a  load.  Chroniun- 
r— ckel-noiybce..an  szeel  nay  serve  a-  an  ezanpie. 

Bhe  chenical  conposizion  and  zhe  nost  inportant  properzies  of  the  prin¬ 
cipal  zhemaliy  stable  pearlizic  and  ferrizic-narrensitic  steels  enployed  in 
..oviez  and  foreign  boiler  and  zurbine  conszruezion  nay  be  found  in  zhe  refer¬ 
ence  and  periodical  literazure"  /75&»  £5$j  912,  761,  at  al^  Carbon  steels, 
vicely  used  because  of  zheir  cheapness  and  good  tachnological  properties, 
especially  for  szean  pipes  and  stean  superheater  pipes  up  to  425  •«>  450®,  oc¬ 
casionally  up  zo  4S0®,  possess  a  nunser  of  shortccnings.  ?o  say  nothing  cf 
theii  IcTi  heat  resistance  and  corre-sien  resistance,  they  are  prone  to  graphit- 
iaation,  shich  is  nanifested  criiefly  in  the  seen  zone  of  velded  Joints,  “hey 
are  also  sensitive  to  nechanicai  aging  and  themal  britzleness. 

— "lybdsnun  steels  of  zho  IpH,  201i,  and  ioH  types,  rnich  contain  about 
0.5ii  Ho  and  varying  anounts  of  carbon,  are  the  least  alloyed  of  the  alloy 
steels.  Holybder.un  steels  possess  a  higher  creep  resistance  greater  cor¬ 
rosion  resistance  than  do  carbon  steels  and  ere  not  sensitive  to  themal  brit¬ 
tleness.  novever,  they  are  also  not  fire  resistant  and  are  still  prone  to 
graphitisaticn.  In  cenditaens  of  long  service  at  500^  and  above  tr-ey  are 


"?or  their  application  to  long  service  life,  see  also  the  bibiiograohic  re- 
fereme  m  the  footnote  and  the  text  to  shich  it  refers  on  p.  570 

and  /ylo/ • 


H’i.a-op5y' f  \^j 


82 


; 


ir.2_f:'icier.ilv  stable  as  rdl^.  Henca  they  have  of  late  begun  to  sapoiant 
“teel  of  the  1  ?Wh  type  /757^»  ^hicfa  contains  0*9  to  0«lr.^  C,  about  C.5^  Ho, 

Zinc.  O.^Ja  Or.  Adciticnal  alloying  -Bith  chroniun,  as  preYioasly  pointed  out, 
prevents  graphi .i nation  end  at  the  sane  tine  increases  the  corrosion  resist¬ 
ance  scnernat  as  conpared  xith  noiybdenaa  steel  without  chrcttiun. 

The  largest  group  of  pearlitic  thcmally  stable  steels  are  steels  al— 
Icyed  nlth  chroniun,  noiybd»‘r.un,  niobius,  vanadiun,  tungsten,  and  titaniun. 

'The  chenieai  canposition  of  certain  of  these  steels  is  given  in  Sable  91.  mS. 
increase  in  the  chroniaa  ccntent,  is  acconpanied  by  a  rise  in  the  heat  resist¬ 
ance  and  corrosion  resistance  of  these  steels.  Sne  Zh3it  steel  (rabie  91)  is 
frequently  t<  ned  seni-ceat-resi start.  7ith  respect  to  themel  stability, 
on  the  ether  hand,  particularly  with  rsspect  to  creep  resistance,  a  steel  with 
2-5^  Cr  and  an  identical  percentage  of  the  other  elsnects,  such  as  the 
Croley-2  steel  (Table  91),  is  scarcely  inferior  to  five-percent  chroaiua 
steel  The  25nh2«A  steel  (Table  91)  possesses  a  ni^  relaxation  re- 

nisiance,  in  consequence  of  which  it  is  cnploySR  for  fastening  parts  with  a 
lengthy  service  life  at  tesperatures  up  to  506^.  It  is  accordingly  recomended 
that  it  be  tenpered  at  65O  to  650°  £75^*  21454  steel  (Table  51) »  »hich 

is  alloyed  rith  as  increased  asount  of  nolybdenus  and  niobica,  possesses  ad¬ 
equate  themal  stability  up  to  550°.  The  SI551  st3*l  (Table  91),  which  con¬ 
tains  less  nolybdenuB  but  which  is  addltioxxally  alloyed  with  vasSdiun,  is 
approzinately  equivalent  to  the  EI454  grade  at  such  tenperatures. 

is  was  notes  at  the  beginning  of  the  chapter,  the  pearlitic  theraaiiy 
stable  steels  pcssess  a  cssber  of  advantages,  sot  a  lower  heat  resistance, 
than  the  austenitic  ones.  Hence  an  inportsnt  direction  of  subseinient  research 
in  this  field  is  the  ceveioiKsnt  of  steels  posssssing  a  hi^  heat  resS stance 

"^Se-z.  for  exansie,  I.  L.  Hirkin  and  3£.  I.  Soloncuts.  Hetallovedenlye  i  oh- 
rasotha  neteliov  ^tcllogr^phy  and  the  Troatnent  of  jEetal^,  5o.  2,  1S57, 
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.r.ii.c  s^eela  at  service 

r-_".  ;  r- ,  . have  bfee;.  ostainec  .ith 

1.  ;'or  ei&=.Lle,  a  steel  -Fith  C-155i 

'■  test-c  tor  the  locs-terj:  strength  and 
.  -  -o 


^C,0  I  CtinC  CppT0X2^^£ito8  wAC 

_  ?c£t.ttve  results  have  also  been 
c-ee-  vith~C-2>  C,  l-xa  Cr,  and  G.jji  Ho  ad- 


_  V _ ■  »  —  •  #^  «  V  -  •  **  7  -^•.  _  _ _ _  _  ».  iT-n^ 

- - cw  - -  -  £.->*1/-  normalising  a^  5*^0  ana 

"*  -uGU-r.^ur  lcn£'-iim  strenjth  at  oOO**  is  about  2-e-  kg/nn^ 

a.i  cl  n. 


tr.ci-  t:  tne  lc--ail&v  ste=.s  is  -  e  11575  (r^bie  91)-  Tads 


td  eapl„-ec  tr.ere  during  the 


-  <tev^;ic,p-ea  i-  lertanv 
-w-e.  ._r.*iaia-.  ccntentj  ;cr  sues  taporiant  articles  as  the  turbine  shaTt 
~  o_..  i..a  test  ctnstnatior.  oi”  properties  uas  found  in  steel  ef 

~J  ■  - - -ater  stuc.es  as  v;eli,  in  consccuence  of  uhich  it  is 

***  «Xi__.e,  _cr  »n*’  rotors  oi  staticnaiy  stean  turbines,  gas  tur— 
tta  a  sr.crt  service  li:e,  bolts  subjected  to  icnceratures  cf 
-.0  cco',  etc.  /75f,  059,  759,  et  zlj. 

anotner  direction  of  the  research  seine  conducted  in  lurcpean  countries 
-s  i^e-d  oi  pearlitic  themally  stable  steels  has  the  aia  of  louering  or 
.nin,ing  ms  z.o±y nd^nun  conicni  cC  ms 

''•s'  «• 
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~:.Q  s'eels-  A  ::LOl.ysi.STiiiz.-fT&e  s-eei  containins  0.25  ^0  0,?G^  --» 

i.a  i.Tia  Cr,  l.Cr  to  tj  asd  0-2  to  0.55>  V  has  bees  recossesdcd  an  the 

..oviet  bsic-n  Ter  '.be  nsnUi&stsre  fastesing  parts  intended  for  iassang  scr- 
-.'ice  at  tenperat'arcs  sp  to  5^50*^  IT'^'Q •  According  to  the  data  of  tae  autaors, 
-its  respect  to  tae  aggregate  oi  the  properties  it  is  equivatent  to  tbe 
25ah2A?A  steel  (iaoie  91)  and  is  superior  to  the  50jlbHA  steel. 

?crritic-Karten£itic  Steels 

High-chronius  steels  rith  12$  Cr,  17$  Cr,  25$  Cr,  and  2S$  Gr  (in  the 
Soviet  Onion,  arancs  Hhl5,  Kh25,  Kh25?,  an28)  are  eaployed  chiefly  »here 
tneir  Li£5:  co.rosios  resistance  and  heat  resistance  nay  be  utilized.  Sith 
respect  to  tbernai  stability,  particularly  creep  resistance,  they  are  infer¬ 
ior  to  lor-alloy  steeisi  the  creep  strength  of  the  9$ hi 5  steel  drops  sharpxy 
after  450°,  and  that  of  the  5$hi5  steel  even  core  sc.  She  5$hl5  asd  4Khl5 
steels  are  enplojed  chiefly  for  springs,  particularly  for  fiat  sealing 

springs  in  stean  turbines  in  service  for  long  peril  A  at  tessperatures  up  to 
1 

TW  • 


The  Inhly  and  2Khl5  stainless  tveive-parcest  aaroniua  steels  are  widely 
used  for  the  nar.'ufacture  of  stesn  turbine  vanes  for  operation  ac  teaperataxes 
up  to  4S0°.  This  is  favored  by  their  hi^  resistance  to  corrosion  and  scale 
fomation,  good  technological  properties,  and  iigh  nechssical  properties  in 
the  refined  condition.  An  additional  iaportant  property  of  ;.hese  steels  aj>- 
iticable  to  the  purpose  in  question  is  their  great  capability  of  canpisg 
elastic  vibrations  (high  dasping  ratio),  although  this  property  was  not  taken 
into  account  when  the  steels  were  introduced  for  this  purpose,  since  it  was 
estahlished  iater- 

An  abnomally  high  danpia^  ratio  is  inherent  in  fcrronagnetic  netals 

■*The  218  hign-speec  steel  has  been  resenn^ded  for  the  sanufactare  of  springs 
designed  for  a  long  service  at  470°  /|4^  (it  is  occasionally  also  enployed 
for  springs  intended  for  service  at  tenperatures  up  to  400*^).  Positive  re¬ 
sults  have  been  yielded  by  a  test  heat  steel  with  0-5$  0,  2.1$  Cr  ,  1$  Ho, 

0.4$  ?  (footnote  contln'aed  on  page  67) 
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ur.c.  fcl-.oys  in  ihe  ncn-za^.eiicec  sia 


le.  ?his  is  explained  by  the  Tact  that 


ti^e  naijnetination  vec 


iireotion  of  easy  nagnetizaticn,  rhicn  as 


tors  in  the  domains  are  oriented  by  stresses  in  the 


near  the  direction  of  the  acting 


force,  and  a  nagneio  elastic  hysteresis  occurs  upon  vibration.  Hence  the 
cneri;y  losses  per  cycle  and  the  attenuation  ratio  are  proportional  to  the 
resicMal  nagnetostri ction  of  the  naterial.  It  is  to  be  seen  froa  Figu_e  y2o 
/■4-f^,  *n  uhich  are  shosn  the  donains  of  binary  and  ternary  lerronagnetic  al¬ 
loys  rhicn.  sossess  high  and  relatively  high  residual  stress  values,  and 
accwrdir.£;ly  high  and  relatively  high  danping  ratio  values  as  rell,  that  the 
latter  usuallv  drops  rhea  the  alloy  is  alloyed  rith  chroniun.  Hoxever,  a 
binary  iron  alloy  rith  12jo  Cr  possesses  a  relatively  hi£^  danping  ratio 
(for  the  other  alloys  in  Figure  526,  see  /3uss±c^  p.  575) •  naxisain 

danping  tendency  is  also  observed  in  steel  uhen  it  contains  about  12S  Cr,  as 
nay  be  seen  fron  Figure  527  t  »here  this  property  is  expressed  as  "spec¬ 

ific  danping  tendency”,  rhich  is  the  ratio  of  the  energy  lost  per  cycle  to  the 
naxinun  energy  per  period,  ■ith  elevation  of  the  service  tenperature,  as  is 
to  ba  seen  fron  the  eianple  given  in  Figure  526  /76^  for  lKhl3  steel,  the 
attenuation  ratio  decreases,  this  being  due  to  a  drop  in  nagnetostriction. 
ibove  the  Curie  point  it  has  lov  values,  since  the  donains  disappear  and  the 
naterial  becones  paranagnetic . 

It  ras  established  long  before  the  var  that  the  creep  resistance  of 
t«elvc-parccnt  chroniun  steel  at  tenperatures  above  5C0°  nay  be  appreciably 
increased  by  the  additional  introduction  into  it  of  about  5?^  S  2A  Ko. 

intensive  research  of  additional  alloying  of  taelve-percent  chroniun  steel 

(footnote  continued  fron  p.  66} 

(21725  steel),  i.  check  of  specinens  fris  an  industrial  heat  have  denonstrated 
the  suitability  of  this  steel  for  fiat  springs  for  service  at  470  and  even  at 
500°.  5?his  steel  has  also  exhibited  (cf.  Hetallovedeniye  i  obrabotka  netai- 
iov.  So.  12,  1956,  p.  17)  a  hi^  relaxation  resistance  at  500  to  550  and  has 
been  reconnended  for  the  fastening  parts  of  stean  turbines  vith  hi^  and  extra- 
high  stean  parancters.  Steels  have  r'icently  been  developed  (Sl6l2,  El675»  the 
SI765  alloy;  x.  I.  Yoiiova,  Hetallovedeniye  i  obrabotka  sst^lov.  So.  6,  1956* 
p.  21)  for  springs  designed  for  service  at  585  640°. 
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526.  Capability  or  pure  biaazy  and  temaiy  ifiixo— 
aagaetic  alioys  of  iron,  cobalt^  xdLcjcelf  and  chroniusy 
of  daapiag  vibrations. 

— Js^xotis  elements  has  seen  conducted  during  the  post-var  years  vith  the 
ain  oi  expanding  the  teaperature  range  of  possible  utilisation  of  ferritic- 
aai'fccasitic  steels  in  place  of  austenitic  steels  at  teaperatxires  up  to  550- 
o  .  axanpies  of  steels  of  this  type  vhich  have  been  pat  to  industrial  use 
nre  given  in  ?able  91  (steels  10  -  14).  It  cay  be  seen  fros  the  table  that 
-he  a>?erage  careon  content  in  these  steels  does  not  exceed  0.15  to  0.205*. 
me  creep  resistance  drops  in  the  event  of  a  higher  carbon  content.  Steel 
i4  (Saolc  91;  vhich  is  enployed  for  gas  turbine  vanes  and  disks,  has  the  creat¬ 
es.  heat  resisteiuce  at  600®  and  with  a  service  life  of  up  to  1000  hours.  Eew- 
eve.,  -ne  industrial  enploycent  of  such  steols  is  haapered  in  certain  fields 
(the  chenical  industry  and  others)  by  the  fact  that  they  are  such  inferior  to 
austenitic  steels  as  regards  weldability. 

Steels  with  0-15  to  0.20^  5  and  12^  Cr  additionally  alloyed  either  with 
0.6^  Ho  and  O.J^  Y  or  with  lj5  E  and  0.5  Y  have  been  reconnended  in  the  Soviet 
Onion  for  turbine  vanes  and  other  parts  with  a  service  tenperature  ap  to  550to 
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ar.d  a  Ions  service  life,  oa  ’.{-e  basis  of  ihe  preiisraary  results  c-r 


s-.ucy  cf  iadusrrial  piict-lo^s  c 


r  blanks  Flbil .  5hcse  steels,  xita  tbcir 


higher  heat  resistance  than  the  l/ihi5  esc  2hhi5  steels  sithout  addi^-ional  al— 
Ityinr,  arc  not  inferior  to  the  latter  rith  respect  to  the  values  uf  tne  sost 


I  I  r 

At!  r~ 

I  I  I 


$  J. _ \ih 


\  §■  i 
a)  §  -  - 


5i,{ure  527.  Sffcct  of  chretiius 
content  of  steel  on  its  cap¬ 
ability  of  attenuating  vibra¬ 
tions. 

(a)  specific  attenuation 
capability  par  period*  5ii 

(b)  k^na2^ 


a  >S  13  IS  33 


important  physical  properties,  particularly  the  sagnitade  of  the  damping  ratio 
at  tenperatures  of  20  to  550®.  Steels  of  siailer  coaposition-  (the  217^7* 
2I7v8}  have  beeu  recosaended^  for  pa^ts  designed  for  .texvica  is:-  poael*  plants 
vith  a  steaa  teaperature  at  the  inlet  of  5^5  to  600® » 

figure  329 1  vhich  ia  baaed  on  the  data  of  Soviet  research  illus¬ 

trates  the  effect  of  XxzvDxaa.,  niobiua,  erd  tungsten  on  croep  resistano;.  at 

600°  of  a  steel  the  nntrix  of  ^lish  contains  0.10  to  0.15X  C,  iO  to  12%  Cr, 

» 

0.6  to  0.8  £0,  and  0.2  tc,  0.5%  V*  Tith  a  higher  vanadiua  content,  as  this 
sane  research  has  shown,  the  heat  resistance  of  hi^-rirroaiun  steel  drops, 
ia  coatrest  to  that  cf  Icv-dloy  steel.  It  is  to  be  seen  froa  Figure  529  that 
tiCaniua  is  not  effective  and  that  aiobius  has  a  posztiTe  effect,  cut  that 
Che  creep  rate  crops  the  aost  sharply  in  the  event  of  a  content  of  about  If. 

'‘2.  S.  Ginzburg.  Metallcvedeniya  i  cbrabotka  netollr  r,  5o.  6.  19^0,  p.  4? 
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uith  this  tungsten  content  the  steel 


figure  328.  Change  in  vibration  at- 
tenuat2.on  ratio  of  lKhl3  steel 
xith  elevation  of  tesperatare. 

(a)  attenuation  ratio  S  •  10^ ; 

(b)  stress  kg/ssa  . 

also  possesses  the  greatest  long-tera 


^  strength  and  preserves  satisfactor7  plasticity  and  icpact  ductility  values 
after  very  long  exposure  to  teeperatare.  Hence  the  authors  recoauend 


t=o  steels  conprisiag  the  Jtatrlx  referred  to  above,  additionally  alloyed  with 
'3  (21757  steel)  and  2%  3  (21756  steel),  for  industrial  testing  as  a  cater- 
isi  fcr  steaa  turbine  vsnes  jr  service  at  5f0  to  600°.  A  steel  additionally 
alloyed  with  4^  u  and  C.4si  Kb  sir  — ..taneously  has  a  soneehat  hi^er  heat- 
resistance,  bat  this  steel  has  alsost  exclusively  a  ferritic  structure  and  a 
low  inpact  ductility,  With  respect  to  its  tenden^  toward  the  developsent  of 

during  protracted  heating,  the  21757  steel  gust  also  be  inferior 
to  the  SI756  steel. 

A  steel  conditionally  designated  ISKhlHWep  (21802)  and  additionally  con¬ 
taining  0.6  to  0.93;  M,  a'oout  0.55»  2o,  and  0.236  T,  besides  12  to  15?  Cr  is 
reconnended  in  another  study  for  extensive  service  at  550  to  600°  as  a 

uaterial  for  the  vanes  of  steaa  and  gas  turbines,  disks,  etc.  A  steel  desig¬ 
nated  15£hi2H?  into  which  0.6?  Xo  and  0.2%  T  are  introduced  has  lower  proper¬ 
ties.  It  is  thus  interuied  fcr  service  at  lower  tesperatures  than  the  first 
one  naned. 


— negative  features  are  inherent  in  higji-chroxiun  steels.  One  of 
these  consists  of  the  fact  that  steels  which  are  ferritic  with  respect  to 
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ele:.e2«s.  The  addition  cr  &  fei  hsncredths  of  one  percent  of  titeninn  or 
vanadina  has  no  effect  on  prixasy  crystallisation  /io^.  As  dcaonstrated  hy 
a  study  of  V.  S.  Svechnikov  and  5.  S.  Alferova  ^5§7»  introduction  of 
•■asaniua  m  sne  aaount  of  0.33>  very  sharply  refines  the  grain  in  a  cast  al¬ 
loy.  Jhe  introduction  of  aiobiun  {O.5  to  2.0SS)  or  tantalus  (l  to  1.55t)  has 
a  slight  effect.  An  effect  sufficient  for  practical  purposes  is  achieved  iy 
•-2  introduction  of  titaniua  in  the  steel  in  an  asount  up  to  0.1  to 
and  an  even  setter  effect  hy  sinultaneous  hlosing  dosn  of  the  netal  prior  to 
tapping  xith  consercially  pure  nitrogen  or  vith  air  /TTI/- 

aovever,  different  sienants,  including  nitrogen,  refine  the  grain  chief¬ 
ly  on  Chen  the  pouring  tesperature  is  not  too  hi^.^  This  creates  serious 
difficnltirs  in  the  sanufacture  of  nolded  castings  fron  hi^-chroaiua  steels, 

xne  pounng  tesperat^e  vas  not  indicated  in  the  study  ly  Svechnikov  and 
.^lercva  and  apparently  was  not  taken  into  account.  Hence  it  is  rossibie 
wna.  in  reality  tne  arrangesent  of  the  elesents  according  to  the  effective— 

refining  the  grain  in  a  casting  differs  sose^t  fros 
teat  obtaineu  ly  then.  .  - 
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since  the  netai  nust  be  superheated  for  better  fiilis*  of  the  rota>  tne  sore 
so  since  tnc  adaiitures  therseifes,  particalariy  titariirt  arc  zittrogen.  shich 


are  the  most  effective,  iatair  the  florability  appreciably  /vjo/ •  For  this 
reason  efforts  are  being  nade  to  introcsce  into  high-chronina  steels  eaccents 
vn,ich  introve  their  florability.  increased  content  of  siatcon,  »aicii  also 
increases  the  heat  resistance,  is  nsefQl  in  this  respect,  at  nnst  be  borne 
in  nind  in  this  case  tnat  siltcon  contributes  to  appearance  of  the  o^— phase. 

i-s  regards  the  tendency  of  the  grain  to  ^oxth  in  high-chroniun  steel 
at  high  service  tenperatnres,  according  to  research  p?  “he  anthor  and  Ta.  £. 
Hargolia  /iOj/,  it  dininishes  appreciably  xhen  as  little  as  a  few  hundredths 
of  one  percent  of  vansdina  or  finely  crushed  chanotte  is  introduced  in  the 
steel.  ?hua,  in  a  steel  xith  28  to  50^  Cr  and  5/»  -^1  without  additions,  coarse 
crystals  are  fomcd  at  1100**  even  after  tvo-hour  holding,  and  in  the  event  of 
holding  for  54  hours  or  over  the  entire  specinen  consisted  of  txo  to  three 
crystals;  in  the  sene  alloy  rith  an  aduizture  of  O.Oyyi  V,  large  crystals  ap¬ 
peared  only  upon  holding  for  52  hours.  7.  S.  Svechnikov  and  S.  S.  Alferova 
divide  the  elenents  studied  by  then  into  threo  groups:  (l)  those  which 

greatly  retard  grain  growth  (in  a  steel  with  Z&ja  Cr):  niohitsn,  tantalus,  ti- 
taniun,  and  nitrogen  (2)  those  which  retard  grain  growth  oizly  at  tenperatures 
up  to  1100®:  vanadius  and  nolybdenss;  (5)  elenents  which  have  no  effect  on 
grain  growth;  tungsten,  cobalt,  nickel^,  bexylliuc,  seleniun,  and  tellunuc. 

In  their  opinion  titaziiun,  niobiun,  end  tantalus  have  the  greatest  effect  be¬ 
cause  they  fors  independent  stable  carbides  which  are  dissolved  in  the  cezent- 
ite.  Shea  the  steel  is  heated  below  12C0®,  nitrogen  retards  grain  growth  be¬ 
cause  of  the  femation  of  dispersed  nitrides,  and  above  1200®  because  of  the 
appearance  of  a  large  quantity  of  the  gansa  phase.  An  adnizture  of  the  ozides 

■*ihere  are  data,  however  (B.  a.  Odesskiy  and  7.  3£.  7ozdvi^enskiy,  Xetallov- 
edeniye  i  obrabotka  netallov,  So.  9»  z957»  p«  42),  indicating  that  the  in¬ 
troduction  of  up  to  2$  ai  sicsltaneously  with  0.2^  X  into  Xb2S  steel  is^des 
grain  growth  and  contributes  to  achiewesent  of  a  favorable  veld  joint  struc¬ 
ture. 
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of  rare«esrtli  elexaBts  h&s  'nceo  ac«&  ia  2aglanl  ia  raesat  jcsrs  vitk  tk«  «i« 
of  reducing  grain  growth 

k  second  negstiwe  pi'csert;'  of  hlgh^chronium  ■twel*  is  the  higk  critical 
■brittleness  teaperstura,  which  cauaas  &  low  lepaot  ductility  at  rooa  taxpar> 
ature.  ihe  Inpast  ductility  of  theaa  atcelc  drops  sharply  starting  at  18  to 
2.Gjf>,  at  their  nomsl  content  cf  0.15  to  0.20)(  Ct  this  usually  heing  ascrihed 
to  the  ferritic  structure  &  *.  coarse  grain,  k  suhataatiel  rise  in  ths  dueti^ 
lity  of  conrenticnal  aelt  ateele  is  achiewed  by  the  istrodaotion  of  about  0.159( 
5  into  thea.  Besearch  ia  zwcent  years  baa  shownt  howawers  that  aelt* 

ing  in  wacuo  yields  a  far  preater  effect,  gs  aay  be  acea  frou  Kgura  330 

for  a  (.eels  aalted  in  wacco  the  critical  brittlenaas  teaperatoro  drops 
fron  65°  with  1»  Or  to  JL30°  with  25»  Cr  (Kg.  330a).  ?ho  iapaet  strain  at 
rooa  tenperatura  ia  at  the  aaxiaaa  with  26%,  but  still  rstaics  hi^  waluaa  up-  - 
359(  Cr  (Kg.  330b).  ?or  the  sake  of  coaperioon  we  point  out  that  for  & 
steel  with  25%  Cr  of  the  conTentionel  salt,  the  iapact  strain  ia-  about  5  foot- 
pounds  (aj,<l  kgs/ca  ).  Certain  investigators  esexib*  tha  drop  in  tha  brit¬ 
tleness  teaperature  tc  decreaaa  in  tha  carbon  and  nitrogen  contant  msi  tba 
rise  in  the  absolute  iapaot  ductility  valuca  to  docreaae  ia  tbe^'eontenf  of~ 197— i 
gen  (ozidee).  According  to  the  data  of  tba  authors  of  /bSiJ*  i»  order  to  ob¬ 
tain  the  properties  shown  in  Kgure  330t  tba  total  pwreantago  of  carbon 
nitrogen  in  a  steel  with  25%  Cr  aatat  not  azeoed  0.03^,  and  0.055%  1*  a.  ato^ 
with  16%  Cr.  It  is  intaraatiag  to  aoto  that  tha  grain  of  atoels  noltod  in 
vacuo  is  aovaral  tinas  as  ccaras  aa  that  of  iadB:.trial  atcela.  This  coafims 
ones  again  the  fact  that  tbe  low-hardnasa  ^lasas  fonoi  in  ths  bonndary  layor 
of  tha  grain  bf  bamlbi  inpurlties  bars  a  aneb  graator  affect  on  tha  cold 
shortness  than  tbe  coersa  grain  itself.  But  tbe  effect  of  a  ooarae  grain  on 
conventional  nelt  steel  iSf  of  sourae»  nogative. 

Henco  any  factor  favoriag  cMrseaing  of  tha  grain  nust  ea  pravanted  with 
,  especial  ears  in  hi^i-obroniua  steals.  Sneh  factors  include  hbove  all  too  high 

\ 

\ 
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a  aea^ir.-:  *eeperaciire  for  roilisg  (ai»ve  1100®)  and  tecperawure  at  t 
of  roiiisj;  {above  BpO®}  /cf.  85^*  ‘fhust  *ith  thick  sheeis  of  high-chrcsi^m 
s^eeis  one  car  obtain  a  relatively  fine  ^ain  (sizes  4  -  5)»  aa  eiosgation  of 
over  20^5  (rith  the  Kh252  and  Sh28  steels) ,  and  an  iapact  ductility  of  over 
5  k^^r/cr  (rith  the  Zb25?  steel),  if  the  rolling  of  the  slabs  is  conducted 
tn  the  $80-1000®  to  720-300®  range  vrita  air  cooling  cf  the  sheets,  and  the 
saeets  are  subjected  to  high  teaperature  anneal  in  the  pile  at  760  to  760° 


Figure  530«  Effect  of  ciiroaiuB  oa  critical  brittleness  teanera* 
^e  (a)  and-is^t  duetili-^  at  20  (b)  of  ?e-Cf  alloys' 
selted  in  vacuo* 

(1)  inpact  strain,  foot>paaads;  (2)  test  texperatare,®C. 

A  third  serious  disadvantage  inherent  in  high-cbroaiua  steels  contain- 

over  l5>  Cr,  as  sell  as  in  heat^resiatant  Ee^Cr^Al  alloys  lies  i  ^  the 
fact  that  if  they  have  been  eapesed  at  400  to  550°  for  a  long  period,  they 
becone  brittle  after  cooling  to  rooa  tesperature:  their  iapact  ductility 
plasticity  fall  alnost  to  zero.  In  a  steel  with  273*  Cr,  brittleness  develops 
even  after  nordisg  for  au  hoar  at  475°  and  it  becones  conpletcly  brittle  after 
holding  for  50  hoars.  2his  phenonsnon,  which  is  turned  ■'475-degree  brittle- 

-•  4.  Zrodas,  Y.  A.  Danilin,  S.  ?.  Bakusa,  Z.  I.  Antipov, 

2i.  E-  Zal'tova,  sad  S.  fapryakhina.  Stai*  ^tee^,So.  6,  1957,  p.  555. 
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in  ihs  iincricnn  is  noi  nol&ccd  *o  them3.1  on  lonpon  cmtcie— 

nesst  since  ii  accon^nnied  by  cirrerent  nodiricniions  oi*  s.  nunber  oi  the 
jroperiies  of  ^he  szeel.  ’rbe  hardness  (nnd  tiltinade  strenssb)  of  she  steel 
rise  sloriy  end  after  holding  fer  sereral  thousand  hours  —zy  becone  doable 
t:.at  in  the  initial  state.  2he  resistivity,  coercive  force,  ragaetic  satur- 


^sne  spec«nc 


avity  undergo  cossiderahle  change-  Steel  in  the  brit- 


Sw«^4*e  -iS  « 


tched  nore  rapidly  and  corrodes  nany  tines  core  rapidly  than 


noraai  steel  of  the  sane  conposition-  -rne  process  causing  475-desree  brittle¬ 
ness  is  conpietely  reversible:  all  the  properties  of  the  steel  arc  restored 
after  heating  for  one  hotir  at  600  to  650**  rith  subsequent  rapid  cooling.  If 
the  steel  is  in  service  at  tenperatures  above  opO**,  in  order  to  prevent  “ea- 
brittlenent”  of  it  as  it  passes  sloviy  through  the  400  to  550*  range  during 
periodic  coolings,  the  latter  nust  be  conducted  at  an  accelerated  rate. 

Additional  alloying  of  ferrochronius  alloys  sith  other  eienents  such 
as  carbon,  silicon,  titaniuu,  niobius,  etc.,  does  not  scaken  the  process 
u.-.icn  causes  brittleness  in  these  alloys.  The  eleaents  vhich  fora  stable  car- 
bices  or  nitrides  even  intensify  this  effect  sonevhat,  apparently  because  the 
solic  solution  contains  aore  chrcaiun  in  this  case.  Only  nickel,  and  especial¬ 
ly  nanganase,  have  a  certain  positive  effect.  Thus,  rhen  ^  5^  an  is  intro¬ 
duced  into  the  steel,  the  process  is  retarded  and  the  anount  of  chroniiut  be- 
lev  vhich  the  effect  described  is  not  observed  increases  fros  ^  1^  to  17^» 
rhe  475-degree  brittleness  apparently  also  e^iaiss  the  drop,  observed 
by  5.  S.  Alferova  ■,  is  x=yzsi\  ductility  (and  is  a  steel  vith  27^  Cr, 

the  plasticity  as  veil)  vhich  is  acconpanied  oy  elevation  of  the  uitiaate 
strength  f-r  steels  vith  17>  Cr  and  27»  Cr  after  cold  plastic  defomation  and 
subsequent  quenching  frou  pOC®.  Additional  alloying  of  27-percent  chroniua 


steel  vith  titanian  or  niobiun  did  not  eiiu 
ductility  after  the  treatnent  indicated. 


mate  the  crop  m  its  mpact 


The  nature  of  *75-icgree  brittleness,  despite  the  nunerous  studies 
/cf.  7v5,  for  cianple/  has  not  yet  been  ascertained.  She  nature  of  the  nodi- 


o59/t  ?2l 


or  zr.e 


iroj.erii.es  oz  ine  sise.  =:.icn  accompanies  ihis  effect  appar- 


'-“--J  sespeaks  the  precipitation  of  a  certain  phase  from  the  solid  solution. 
c_t  tr.e  compcsitton  -tf  this  phase  has  not  seen  established.  Certain  investi- 
Satcrs  consider  it  tc  be  the  sigma  phase.  This  is  contradicted,  aowever,  aj 
tne  nature  of  modification  of  a  number  of  the  physical  properties  of  the 

^icalarlY  the  increase  in  magnetic  saturation  after  holding  at  475°» 
-ae  ai-oying  elements,  especially-  manganese  and  nickel,  also  affect  the  475- 
-----------  cifferentiy  than  they  affect  formation  of  the  sigma  phase. 

r-nai^y,  rori:  narcentrig,  ihich  greatly  accelerates  femation  of  the  sigma 


i,  nas  a  lainter  eiieci 


on  the  development  of  brittleness  at  475  -  The 


— in'/esiigators  conclude  that  the  submicroscopic  phase  precipitated 
-s  a  sOiic  solution,  possibly  ordered,  uhich  is  rich  in  chromium.  The  hypo— 
-nesis  nas  aiso  seen  advanced  that  it  has  a  ?e_Cr  composition.  The  si^a 
pn.^sc,  coexisting  —its  tne  pnasc  of  unknosa  composition,  uas  also  observed 
after  holding  at  475°  im  an  intensively  verk  hardened  steel  vith  2755  Cr. 

form  of  brittleness  -hich  occurs  is  high-chrosius  steels  is 
*— *  «  o.  .neir  protracted  heating  is  the  600  to  600°  is  actually  re— 

.a.ed  .0  lorma-ion  oi  tne  sigma.  The  sigma  phase  trill  be  treated  in  greater 
ce:ail  during  the  discussion  of  austenitic  heatproof  steels  Russian/  p.  56C). 

iS  la-eresting  efiect  oi  importance  for  practical  purpose  has  been  de¬ 
tected  in  tuelve-percent  chromium  stainless  steel  of  the  2Shl5  type.  As  has 
already  been  pointec  out  (see  ?ig.  >27),  this  steel  possesses  a  hi^  damping 
ratio.  Hovever,  as  a  result  of  lengthy  service,  specifically  12,000  ho-ars  at 
a  temperature  oi  around  150°  (for  the  ninth  stage,  in  which  the  effect  was 
detected),  tne  damping  ratio  drops  sharply,  this  leading  to  failiire  of  the 
•  anes.  ;.er  nea.ing  at  63O  to  680  with  subsecuent  coolinc.  the  c- 


**  ■&.  i-e_  — t,  ,1,  o^u  .0  ocu  witn  suosequent  air  cooling,  the  damning 

ratio  increased  at  a  stress  of  12.65  ^6/=^,  and  at  a  stress  of  25.5 

-e/=  >  its  increase  reached  150^  j^6g7*  2ae  authors  ascribe  this  phenomenon 
.0  .ae  circumstance  tnat  hardening  occurs  in  the  individual  grains  in  the  pro- 
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cess  oi"  cyclic  sccion  tho  oT  che  vase.  ”se  extenc  oz  cais  aara— 

er.ias  lacreases  riia  ir.crease  ia  ^he  auaber  of  cycles,  ubile  che  service  tea- 
aeraicre  of  arcaac  150^  coairibaied  lo  fanaer  hardeaia^  ss  a  resulc  ci  aecaaa— 
icai  j-jr.  acdicicaal  cause  of  drop  ia  zae  dsupiaf;  racio,  accordiag  to 

the  aatbcrs,  could  be  orecialratica  hardeaia^  due  to  precipitation  of  aigaly 
cispersec.  particles  of  the  si^ra  phase;  this,  booe'/er,  is  scarcely  probable 
at  IpO**  ia  a  steel  witr.  i25s  >,r,  even  ia  the  event  of  service  for  12,0C0  hours. 
Moreover,  in  the  vanes  studied  by  the  authors,  the  inpact  ductility  xas  great¬ 
er  taan  7  ken/cn~,  vith  ^  ^50  -6/=^,  70  kg/=t^,  ^  -^1^,  and 

I  U  V  ^ 

f  ^  o02.  rhis  pheaonenon  requires  further  study. 

The  silehrones.  i,  e.,  steels  alloyed  rith  chroniun  and  silicon,  have 
beccne  tridespread  in  all  countries  as  heat  resistant  and  themally  stable 


steeds-  Steels 


lioyed  trith  chroniun,  silicon,  and  glur.inug  {the  sichronals/. 


vhicb  are  enployed  chiefly  in  Gemany,  vere  also  reconneaded  at  one  tine  ia 
the  Soviet  3aicn-  Sorevcr,  the  silchrcnals,  shich  have  a  cosplex  ccnposition, 
possess  a  lor  creep  resistance  along  trith  their  relatively  hifSi  heat  resist¬ 
ance.  This  is  also  true  of  the  chronian-aluai nan  steels,  vhieh  are  thus  ea- 
ployed  chiefly  as  heat  resistant  hi^-resistivity  alloys  for  heater  elenents. 
Of  the  silchrcnals,  a  certain  use  is  nade  at  the  present  tine  in  the  Soviet 
Union  chiefly  of  the  Shl2iuS  steel,  nith  1.2  to  2.0%  Si  and  1.0  to  1.^ 
as  a  heat  resistant  steel  up  to  500®  under  reduced  load.  A  seni-ferritic 
steel  sith  0.06  to  0.1%  C,  6%  Cr,  1.5j&  Si,  and  0.555  ii  is  also  used. 

It  has  been  denonstrated  in  recent  studies  ^63/,  hocever,  that  the 
heatproof  quality  of  a  steel  nita  25l»  Cr  and  5/»  Al  nay  be  greatly  increased 
by  additional  alloying  aith  tantalun,  its  very  hi^  corrosicn  resistance  be¬ 
ing  retained.  Thus,  the  introduction  into  such  steel  of  55^  raises  the 
100-hour  Icng-tem  strength  at  1200®  fron  0.7  to  2.2  kg/ns^  and  the  introduc¬ 
tion  of  10^  Ta  raises  it  to  -^4  kg/m^.  Beplaceneat  of  iantslus  by  nio- 
biun  reduced  the  long-tern  strei^h  to  ks/s^  ,  but  the  creep  resistance 
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chc:  Allov.i.25  ^I'^h  ozK&t  si— ulvsjioously  vi»a  "tfiii* 


talun  produced  no  effect. 


sulphur*  ^isre  is  also  a  report  /76^  of  successful  service  of  these  alloys 
for  500  ho-urs  in  caranrisias  sad  cysaiding  furnaces. 

-as  silchrones  the  chroniun  content  usaaiiy  ranges  iron  6  to  10-15%. 
regards  the  silicon,  the  chief  ain  of  introducing  it  being  to  increase 


tr,e  corrosion  resistance  of  the  steel,  its 


Quantity  nust  be  such  that 


T - 


Interesting  t»rcsoects  for  industrial  use  as  heatproof  alloys  at  tenper— 
atures  up  >o  opO  to  700^  have  recently  been  discovered  for  ferroaluninau  al— 
io/i  the  plasticity  of  ■ahich  nsy  be  sharply  increased  by  nelting  in 

vacuc  oring  to  the  great  drop  in  the  oxygen  content.  ?he  plasticity  of  such 
alloys  begins  to  drcp  only  ci-n  1C;S  Ai,  chile  that  of  conventionally  nelted 
alloys  begins  to  drop  even  rrith  2  to  5%  -o-l.  In  vacuun  nelted  alloys  uith  lOJS 
ii  the  elongation  is  still  around  53%.  In  alloy  Tfith  6%  A1  additionally  al¬ 
loyed  cith  55a  "i  is  only  slightly  inferior  to  the  18-8  austenitic  steel  »ith 
respect  to  the  iOO-hour  lor.g-tem  ultisate  strength  up  to  675**,  and  an  alloy 
uith  1.^%  Ai  and  5%  K.  van  sajerler  to  this  steel.  2Iolybacr.ua  is  less  effec¬ 
tive  in  these  alleys  than  in  others,  bat  according  to  available  infomation 
/760/  a  ferrous  alloy  rith  lc>  Al  and  5»5%  Ho  salted  in  vacuo  is  esployed 
(itnder  the  nane  "temenol”)  as  a  corrocion  resistant  alloy  at  tenperatures  up 
to  1260**.  Sie  superiority  of  ferroaluainua  alloys  over  steel  alloyed  citb 
nickel  lies  in  their  greater  resistance  to  the  action  of  nedia  containing 


t.’.e  iteei  retains  the  pearlitic  structure  and  its  capability  of  being  2;ardened 
oy  quenching  and  tenpering.  rhe  carbon  content  of  the  silchrones  (except  for 
the  hh6SJ  steel,  chich  is  not  subjected  to  quenching  and  tespering)  ranges 
'fos  0.55  -o  0.5-0.55,  sonetines  even  up  to  IS,  for  the  sane  purpose,  fhe 
xunctson  01  cnroniun  in  increasing  the  short- tern  strength  Is  especially  pro¬ 
nounced  at  tenperatures  above  500** 

Hoiybdenun  is  introduced  into  certain  silchrones  in  the  anount  of  O.5 
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•?i£ure.551*  Zffsct  of  chro2iu=  on 
^hc  corrosion  Teois^ssca  of  &us— 

steal  ritfc  1455  Cr,  lk%  Si, 
and  2j5  iT.  _ 

(a)  height  increase,  g/n  /hour; 
\,a)  ieaperatnre,  C- 
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llgare  552.  Effect  of  nickel  ct  a  per¬ 
centage  of  2055  Cr  (a)  and  of  chroa- 
ina  at  15^  Si  (b)  on  the  creep  re¬ 
sistance  sf  chrcaiun-nickel  austen¬ 
itic  steel.  .  _ 

(1)  stress  for  V_  =  10~®,  kg/aa  . 


is  shotm  as  an  eianple  in  the  diagran  of  Pigare  533» 

It  is  also  eo  be  seen  fron  Pignre  553  that,  other  conditions  being  equal, 
the  ansunt  of  nickel  necessatj  for  obtaining  stable  austenite  in  chroniun- 
ntekei  steel  depends  on  the  carbon  content  of  the  latter.  ?he  contents  of 
cicroz.ixi2,  nickel,  and  carbon  are  interrelated  by  the  espirical  relationship 
/46o7 


Cf— ICC 


<  1.7. 


--®—  tfuicn  it  foliots,  for  ezanpie,  that  for  2655  Cr  and  0.5^  C  the  — •»  »!-iTnir< 
anount  of  nickel  is  12.555,  while  for  0.4^  C  it  equals  11^. 

Hitrogen  has  an  effect  in  the  sane  direction  as  carbon.  ?hus,  for  exsn- 
jie,  studies  by  i.  1£.  Sonarin  et  ai,  /470/  denonstrate  that  in  a  steel  con- 
tatnii-g  25j>  Cr  the  ancent  of  nickel  required  for  obtaining  an  austenitic  struc¬ 
ture  is  about  1855  with  a  ncmal  nitrogen  content,  but  only  ipg  when  0.2  to  0.25^ 
~'^TOSQs.  is  introduced  into  the  steel.  2he  possibility  of  replacing  a  portion 
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i  -  y  A  3 


.  V,  0“XS  » 


cf  '.he  nicKel  bj  r.itro^ei;  has  also  -eer-  estasli 
ar.c  Ovher  So'>'_e^  st'.;dies  cj.d  is  sor.rirs.e<i  by  nr 
of  sceel  in  prcion^ed  cer.sion  aes^s,  as  ds—ORSZ 
years,  is  iorered  r.o  nore  by  nisrojen  shan  by  s 
ir.'.roduccd  int^  certain  heat-reals  tans  asistenit 
lor  la  carbon,  the  effect  of  the  latter  is  sene 
ie.-.t  to  that  of  nitrogen  and  he  change  in  a  gi 


shed  in  a  r.unler  of  foreign 
oducticn  data.  She  plasticity 
rated  by  research  in  recent 
arben.  Hence  about  0.155®  ^  s 
ic  steels.  ?rhen  tne  steel  is 
tines  considered  to  be  equiva- 
ven  property  of  the  ste5l  is 


viered 


relation  to  the  total  swantity  of  both  elenents. 


PicSine  555-  Str-uctnral  diagrars  for  chrcsitm-aickel  steels. 

(a)  austenite;  (b)  austenite  plus  sartensite;  (c)  narten- 
site  pl'cs  troostite;  (d)  ferrite  plus  pearlite. 

The  nunerons  studies  of  the  possibility  of  replacing  nickel  in  the  aus¬ 


tenitic  natrix  by  nanganese  ha'ire  shorn  that  chrotiiuu-zu.ckel  and  ehroniua- 


nanganese  natrices  arc  approxiaately  equivalent,  at  least  Then  other  elenents 
are  additionally  introduced  into  the  steel.  The  studies  of  A.  li.  Horzeyks 
/fro^  and  certain  foreign  authors  sho*  that  chroaiua-nanganese  possesses  bet¬ 
ter  heatproof  ciialities  than  does  chroniun-nickel  austenite,  and  only  diphase 
chroniun-nanganese  steel  containing  20  to  255»  of  the  alpha  phase  is  inferior 
Tith  respect  to  heatproof  qualities  to  single-phase  chroaius>-nickeI  steel. 


I 

i 
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“rhe  superiority  of  chrcsius-rasgssese  sustenite  rs 
queschin(;  fros  a  teuperature  above  ICOO  to  IIGO  . 


revealed  acre  clearly  after 


Kar.garese,  just  as  nickel,  has  a  siicht  effect  on  creep  resistance  ahen 
present  in  a  quantity  escesding  that  required  for  obtaining  an  austenitic 
structure  in  the  steel.  The  niniuun  anount  of  nanganese  tnth  which  a  sjsel 
alloyed  with  chrcuiun  acauires  an  austenitic  structure  is  hifhly  dependent 
on  the  steel’s  carbon  contest,  uhen  the  anount  of  carbon  in  a  steel  contain¬ 
ing  ever  Ipia  Cr  is  very  lov,  it  is  inpossible,  as  is  to  be  seen  fren  the  struc¬ 
tural  diagras  shorn  belor  in  Figure  5^cb,  to  obtain  a  monophase  austenitic 
structure  rith  any  nanganese  content,  aith  O.5  to  0.455  C  and  IS^  Cr,  it  is 
necessary  to  introduce  over  12^  iin  into  the  steel  for  this  p'urpose.  She  ef¬ 
fect  of  nitrogen  is  in  the  sane  direction  as  that  of  carbon  in  chresdug- 
nangasese  steel,  just  as  it  is  in  chroniug-nishel  a-teel.  Bhen  nitrogen  is  in- 
trocuccc  in  an  anoiint  exceeding  0.3/5,  a  Bcncphaae  austenitic  stractiire  stable 
up  to  1250°  gay  be  obtained  in  chroniun-ganganese  steel  when  the  latter  con¬ 
tains  1755  Cr,  ant  when  over  O.p?  H  is  introduced,  the  sane  nay  be  obtained  in 
a  steel  rith  16  to  l?j»  Cr,  15  to  14^  iin,  and  2.0  to  2.555  Ho  /ct*  873*  • 


Figure  534.  Structural  diagrau  for 
chrcgiua-panganesft'<^ckel  steels, 
^a)  siniaaa  aaount  of  25n  to  ob¬ 
tain  austeiiite,  5a. 


Obtaining  austenite  is  facilitated  in  the  event  of  \ 
oi  nickel  by  tianganese.  She  anoun«  of  uanganese  rseuired 
austenitic  structare  to  steel  alloyed  sinaltaneonsly  sit** 


iartial  replacenent 
tC'  ifibart  a  stable 
chrouiua  and  nickel 


iOJ 
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for  eiarple,  =i;h  Sji  Si  ?r.d  12ii  Cr,  the  =irj.=.ur  asctiat  of  asr.gsnese  »it3i  «if“ 
ihe  s^eel  possesses  an  ansreniric  s~rucstire  is  5^,  and  ritii  13%  Cr  it  is 
irhe  anouni  of  nanganese  equivalent  to  Si  is  snsller  in  the  event  oi  a  lo» 
chrcni’un  content,  as  is  shesn  by  the  diagraa. 

citn  the  given  nanganese  content  the  anount  of  nickel  necessary  for  ob¬ 
taining  an  austenitic  struct-.. e  decreases  substantially,  vhile  uith  tae  given 
nanganese  and  nickel  content  austenite  nay  be  obtained  at  a  hi^er  percentage 
of  chrcniun  (over  15%)  if  nitrogen  is  introduced  into  the  steel.  This  is  to 
be  seen  fron  the  structural  diagran  given  in  Figure  555  chronius- 

nanganese-nickel  steels  vith  0.10  to  0.12^  C  and  0.08  to  0.15%  S  air  cooled 


seating  for  ly  ninutes  at 


,=o 


The  valve  steels  containing  0.57  to  0.45%  C,  i.4  to  1.8%  Si,  12  to  15% 
lin,  14.5  to  15.5%  Cr,  and  2.0  to  2.i.%  b  or  2.5  to  5»C%  2io,  daveloped  in  our 
country  at  one  tine  y46'j7»  and  the  Hodem  SI481  steel,  vhich  contains  on  the 
average  12.5%  Cr,  6.^  iii,  and  0%  Si,  as  veil  as  1.25%  So,  1.4%  V,  0.6%  Sb 
vitb  0.57%  C,  nay  serve  as  an  enanrle  of  heat-resistant  steels  vith  a  chroniua 
nanganese  austenitic  natrii  in  place  of  a  chror.i un-niekel  natrii.  i.  steel 
designated  as  "chronadur"  and  containing  on  the  average  12.^  Cr,  16%  Sn,  ^ 
1.5%  V,  and  0.25%  S  vas  proposed  during  the  xar  in  Gemany  /cf-  46^.  Steels 
have  been  developed  in  the  B3i  ^66,  690/  in  vhich  nickel  is  partially  replaced 
by  naagenese,  particularly  steels  containing  iO  to  12%  Cr,  about  2%  Si,  4  to 
10%  £i  and  accordingly  12  to  2%  Sn  (the  enact  anount  of  nanganese  depends  on 
the  nickel  content  in  cenfomity  sith  the  diagran  of  Figure  554),  as  veil  as 
those  containing  over  15%  Cr.  Increasingly  greater  attention  has  been  devoted 
cf  late,  both  here  and  abroad,  to  steels  vith  a  chroniua-sanganese-nickel 
natrin  vbich  contain  over  Cr  (see  also  /Sussis^  p.  60^. 

Hcvever,  chreriun-nanganese  austenite  is  inferior  to  cbroniun-nickel 
austenite  vith  respect  to  corrosion  resistance,  iloreover,  it  possesses 
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sro* 


process  oi" 


ever.s  of 


— asrasese  x 


;racse<i  service  sbe-t.  coes  cfcrcsiur-aickei  aiissenit-e.  fhxs  i 
a  lar^e  exser.s  "ty  zhs  acxive  parsicipasion  of  aangaaese  in 
carbide  forriasion  daring  prolonged  heating  /B37»  56^*  7- 

i  increased  carbon  consent  of  the  steel,  the  active  particip 
.n  the  process  of  carbide  fomation  sap  even  be  considered  t 


s  sr- 


tne 


tee 


atioa  of 
o  be 


Pignre  555-  Stractaral  diagren  for  chroniun-songanese- nickel  steels 
rith  O.iO  to  0.125  C  and  0-08  to  0.155  5.  ?ne  figures 
on  the  curves  designate  the  nickel  content,^ 

(a)  austenite  plus  ferrite;  (b)  motenito. 


the  basic  cause  of  this  shortconing  of  chroniua-nanganese  and  chroaius-nsnga- 
— ssfe-tiickei  austenitic  steels,  in  ccnsetuence  of  unich  they  are  suitable  chief- 
ly  fer  brief  period  of  service.  Of  interest  in  this  connection  is  the  use  of 
“ttrogen,  oving  to  uhich  it  is  possible  to  cbtain  austenite  in  cbronitis— 


nanganese 
a  reduced 
corrosion 
the  dangtr 
cuiar,  in 
gen,  it  is 
ganese.  I 


and  particularly  in  cbroniun-uanganesc-nicfcci  steel  (the  latter  sitn 
nickel  content).  Bben  it  contains  over  155  Cr,  this  increases  the 
resistance.  It  a  relatively  snail  auount  of  carbon,  this  reduces 
cf  dcvelopnent  of  brittleness  tjring  prolonged  heating.  In  psrti- 
t,.*'  16—25—0  lox-carbcn  ehroniun-nlckel-nolybdenan  steel  uith  nitro— 
possible  (see  /Sussian/  p.  5c7)  to  replace  iOjS  nickel  by  65  nan- 
t  is  true  tbat  in  steels  containing  nitrogen  the  develcpnent  of 
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brittleness  is  intensifiec  uton  prolsr-jed  heating  due  to  precipitation  oi 
carbsni  trice  phases,  bnt  tne  negative  effect  of  the  nitrogen  cirdaisnes  in 
the  event  of  verv  long  heating  (see  Pig.  5590}- 

?he  Steels  still  need  as  the  principal  ones  are  those  nth  chronicn— 

cii^  iO^  **51G 

part  nth  accitianol  allov'ing  elenents.  ^olybdennn,  tungsten,  niobian*  ti*-an— 
im,  cobalt,  and  iorcn  are  usn*.^ljr  ascitionally  introduced  into  tnen  uisn  .na 
ain  of  inorovinr  the  heaturoof  troserties.  Pitaaiun  and  niobius  at  the  sane 


tine  srevent  or  reduce  iniercrystaiiine  corrosion. 


Of  the  elenents  rhich  can 


additicaally  increase  the  corrosion  resistance,  use  is  nade  in  practice  of 
silicon,  since  aluninun  Icrers  the  creep  resistance  sonerhat  and  is  less  con¬ 
venient  fron  the  netallurglcal  standpoint.  Silicon  also  increases  tae  dyanoic 


strengtn  si 


tenitic  steel,  both  at  rocn  tenperatare  and  at  tenperatures  up 


to  Phis  nakes  it  an  especially  effective  adniiture  in  steels  of  the 

valve  type.  But  aluninun  is  scuetiues  introduced  in  conhination  'sith  titan- 
iun  (cf.  Pable  54)  in  order  to  intensify  the  tendency  tovars.  precipitation 
hardening  du©  to  the  cenpien  of  phase,  i^nally,  the  introduction  of  snail 


ascitions  ct 


re  earth  elenents  in  the  fom  of  conpiei  alloying  elenents  or 


snides  in  additicn  to  an  increased  anount  of  nanganesc,  into  austenitic  steels 
fsr  the  purpcse  of  inproving  the  technoiogicai  properties,  chiefly  the  defom- 
ability  in  the  hot  state,  has  begun  in  recent  years. 

in  the  additional  alloying  of  heat-resistant  austenitic  steels,  as  veil 
as  alloys  uith  ether  bases,  the  principle  substantiated  above  of  introducing 
several  elenents  sicultaueously  in  relatively  snail  caantitics  has  been  ad¬ 
hered  to  vith  increasing  frccuency  in  recent  years,  particularly  for  the 
purpose  of  inproving  the  heatproof  qualities  of  the  steels. 

?iie  carbon  content  of  heat-resistant  austenitic  steels  is  usually  dc- 
temined  by  the  nethed  by  rhich  articles  are  aanufactured  frou  then.  In  de¬ 
ferable  steels  the  carbon  content  nornally  does  not  exceed  C.^,  and  in  cast 
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a  cr.ro=iua-=ar.££::;ese 


"  ^iC  Z^6  —  2r£6  Oi  ^iliS 


Procracced  hea;i-ie  1=  ’-he  550  ao  c00°  rar.ge,  cJia  so=ezi=es  evea  higher, 
ci'  aasieniaic  3^eeis  qaer.chcd  i'roa  a  high  rerperatare  leads  to  precipi-atios 
of  varicras  paases  froa  ;he  solid  solaiica,  and  zhis  nay  caase  a  sharp  drop  ir. 
--.'.e  plasiiciay  and  inpacn  uacailiny  oi  che  saeel,  acconpanied  by  inrercrys^al- 
line  fracinre,  particularly  iiT  the  arraagenent  of  these  phases  along  tne  grain 
bcundaries  is  unfavorable,  wuch  phases  nay  also  greatly  aocer  the  hea»?roOj. 
characteristics-  Heating  in  the  stressed  state,  such  as  occurs  an  the  pro¬ 
cess  of  service  of  the  steel,  and  uorh  hardening  accelerate  taese  processes. 

In  steel  containing  no  additional  elenents,  the  develonneat  of  brattle— 


ng  no  additional  elenents,  the  develonnent  of  brattle- 
rating  nay  he  cue  to  the  precipitation  of  the  (Cr,  Hejga 


ness  upon  protractec  neatang  nay  te  cue  to  tee  precapata-aon  oi  -i-c  V"-*  ■'23 

Cg  chreniun  carbides.  In  steels  containing  sther  carbade— fonsang  elenents, 

such  an  effect  nay  give  rase  either  to  the  carbides  oi  the  corresponding  eie— 

nents  or  to  a  chroniun  carbide  of  the  tyne  an  uaach  other  elenents  are 

icy  o 

dissolved.  ?hus,  for  exanple  an  the  Hhi451'4-72jC  steel  this  carbide  is  of  the 
conposition  (Cr,  ?e,  S,  Ho)2-C^  ’She  danger  of  oscarrence  of  brittle¬ 

ness  of  this  type  increases  irith  increase  in  the  carbon  content  of  the  steel, 
this  being  illustrated  in  Figure  557  /62^  by  the  change  in  iapact  ductility 
rith  change  in  the  length  of  the  heating  period  at  65O®  in  c  steel  of  the  18-3 
Bath  different  percentages  of  carbon.  Increase  in  the  asount  of  carbides 
an  the  outer  layer  due  to  absorption  by  then  of  the  carbon  in  the  event  of 
proionged  heating  of  tne  steel  at  tenperatures  above  700°  an  a  cersurising 
nediun  nay  also  lead  to  drop  in  plasticity  and  ductility.  Tne  drop  in  the 
inpact  ductility  of  Hbl45i4¥2J£  steel  in  notched  and  unnotched  specinens  ver¬ 
sus  the  depth  of  cenenter  layer  is  shevn  as  an  cianple  in  Figure  558  • 

After  case-hardenang,ths  specinens  xere  quenched  fron  1100°  and  than  tenpered 
at  700°  for  5  hours  for  the  purpose  of  precipitation  of  the  carbides  fren  the 
solution.  Chronaun-nickei  austenitic  steels  containing  no  other  elenents, 
for  enanple  the  HblSH9  end  2s25515,  are  only  sli^tly  carburised.  Of  the 
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piia.ce  cosdizioRaily  designated  as  ^  ..  triiich  has  a  lattice  spacing  near  that 
o*  aiisteaite  and  rhich  nay  contain  about  lOji  i£o,  Cr,  20>>  Hi,  and  55j>  ?© 
in  solution,  are  precipitated  in  the  16-23-6  steel  uith  nitrogen,  besides  the 
carboni trice  phase,  depending  an  the  tenperatare  and  length  of  the  heating  per- 
ioa.  -:?he  binary  carbide  and  the  chroniun  carbide  Cr^.Cg  are  prccipi- 

-ated  in  the  sane  steel  cithout  nitrogen,  besides  the  and  Fe^o  phases. 

It  is  to  be  seen  iron  Figure  359  that  the  process  of  precipitation  of  the  car- 
aonitride  phase  is  accelerated  uith  elevation  of  the  heating  teaperature  to 
750  to  600®  (?ig-  55Sa).  ?his  is  also  true  of  precipitation  of  carbides 
(steel  ritb  nc  nitrogen).  A  comparison  of  a  and  b  of  Figure  555  shows  that 
an  the  event  of  a  greater  length  of  the  heating  period  the  iapact  ductin'^ 
drops  sharply  even  at  a  Icrer  teaperature,  bat  the  effect  of  nitrogen  dioin- 
ashes,  this  apparently  being  explained  both  by  the  cuanti'^  and  the  coaposi- 


tion  of  the  nhases  nrecinitated. 


a  LLJ_LTIj 

a 


Figure  55S.  Srop  in  impact  ductility 
of  Khl43n.4V2U  steel  versus  depth 
of  case-hardened  layer: 

a  -  unnotched  speciaens;  b  - 

notched  specirans; 

(1)  a^,  fcps/ca^;  (2)  depth 

of  layer,  sa. 


If  the  austenitic  steel  is  alloyed  rith  additional  elesents,  brittleness 
also  develop  upon  prolonged  heating  as  a  result  of  precipitation  of  metal— 
iic  compounds  from  the  solid  solution.  An  example  is  given  in  ?able  52  /82^, 
which  pertains  to  a  steel  having  a  relatively  stable  austenite  matrix.  In 
c— 9,  increase  in  the  niobium  content  above  the  cuantity  required  for 
binding  the  carbon  in  the  carbides  (an  Hb:C  ratio  of  up  to  ^0)leads  to  a 
sharp  drop  in  impact  ductility  in  the  quenched  state  as  well,  this  being  ez- 
pxained  by  incompxete  solution  of  the  xiiobiun  carbides  and  the  FeJab^  cossound 
at  the  quenching  teaperature.  5he  heating  of  quenched  steels  at  700®  addi¬ 
tionally  reduces  the  impact  cuctiiii^  throat  precipitation  of  the  niobium 
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carbides  and  ihe  ?e_2ib_  fros  solucios.  Zz  is  isaorian'C  zo  Roxe  here  that  the 
}  2 

~zz.cz  cuciiliiy  drops  aot  osiy  at  rooa  tesperatare,  bat  also  at  700°,  i.e., 
at  the  possible  service  tecperature,  althou^  it  is  slirater  than  at  20°. 
rrecipitation  of  the  Pe-Kbg  phase  caases  an  appreciable  deterioration  of  the 
neatprooi  qualities,  this  apparently  being  explained  by  the  great  tendency  of 
t;:is  phase  to  coagulation,  if  the  steel  contains  tiianiua  in  an  aaoant  ex¬ 
ceeding  that  required  for  binding  the  carbon,  the  icpact  ductility  of  the 
steel  drops  sharply  after  prolonged  heating  due  to  precipitation  of  the  ?e_Ti 
phase  2°2^. 

ihs  alpha  phase,  the  presence  cf  xhich  in  the  structure  causes  a  particu¬ 
larly  great  iouering  of  the  heatproof  characteristics  of  the  steel,  nay  be 
^  steel  idth  an  insufficiently  stable  austenitic  structure  in  the 
event  of  prolonged  heating  above  550°  (cf.  ?ig.  312)-  Precipitation  of  chron- 
— carbides  facilitates  foruation  of  the  phase  in  such  steel.  Xn  fact, 

2.S  "to  he  seen  fzou  the  diagras  of  figure  333  that  there  is.  a  deeraasa  in 


Figure  559.  Effect  of  heating  after  quenching  froa  1200°  on 
c.uange  in  inpact  ductility  and  hardness  of  16-25-6  steel 
xith  no  nitrogen  (2)  and  with  ^0.1^  nitrogen  (i)* 
a  -  ncating  period  of  5  hours;  h  -  heating  period  of 
100  hours; 

(i)  inpact  ductility  Sj^,  Wca^;  (2)  quenching; 

(5J  heating  tesperature,  C;  (4)  hardness, 


tae  stability  of  the  austenite  vith  decrease  in  the  qusnti^  of  chroEina  in 


nCL-659/7  (2) 


in 
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of*  ths  sztqzsbs  cu^rintj  cooli.:^^  in  vb.zgt»  The  ousuxi'ty 

of  z’'e  alpha  chase  aad  che  peraeabiilcy  of  the  steel  "sere  soaesbat  lower  in 
che  case  of  air  ccoliag  fron  the  saxe  teaperatares. 

It  aay  be  seen  frca  Figure  5*^0  that  after  heating  at  7^0°  the  peneabil- 
-V  oi"  the  steel  varies  rith  changing  field  intensity  as  in  any  ferroaagnetic 
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i  Figure  5^*  Change  in  pemeability  with  change 
■e  in  aagnetic  field  intensity  of  steel  of  the 
1  18-8  type  with  different  percentages  of  car- 

1  bon  after  rater  cuenching  fron  various  tea- 
i  perataress  a  -  700®;  b  -  600®;  c  -35?)'®;d-  900° 

1  1  -  0.16^  C;  2  -  0.2256  C;  5  -  0.315  C; 

j  4  -  0.275  C; 

1  (-)  ^jganss/oersted;  (2)  E,  oersteds. 


J  t!3  3S3  JS3 
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phase,  while  producing  a  caxisua  the  absclute  valur  of  which  is  the  greater 
.he  mgner  is  tne  carbon  content  of  the  steel.  An  even  greater  quantity  of 
caraades  is  precipitated  at  600°,  hat  their  reverse  solution  also  begins  to 
be  nanifested  in  this  case.  Hence  after  heating  at  800®  of  a  steel  contain- 
O.lojs  C,  tcff  pemeability  as  lor  and  depends  only  slightly  on  the  field 


strength,  but  with  a  content  of  0.225  and  0.515  C,  the  cuantity  of  fr¬ 


ee  car¬ 


bides  IS  t>-5nter  and  the  quantity  of  carbides  which  have  passed  in 


to  soxution 
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rensir.s  the  saze,  so  that  the  perrsabiiity  rises  sharply  both  rith  fielc  in- 

••  o 

tensity  and  in  absolute  value-  Klevation  o£  the  heating  tenperature  to  SpO 
leads  to  increase  in  the  quantity  of  carbon  passing  into  solution,  so  that 
the  effect  of  free  carbides  is  aanifested  only  in  the  steel  containing  O-ylJbC. 
Finally,  in  the  event  of  heating  of  the  steel  at  900°,  the  concentration  of 
tne  basic  aass  cbtained  through  reverse  solution  of  the  carbides  is  fully  suf¬ 
ficient  to  conpensate  for  the  ffect  of  the  free  carbides,  even  if  the  steel 
contains  O.ylS  C,  in  consequence  of  uhich  no  alpha  phase  is  obtained  and  the 
pemeability  is  lor  in  all  cases  and  dees  not  vary  *ith  change  in.  the  field 
intensity. 

It  cay  Consequently  be  espected  that  an  eleaent  rhich  foras  core  stable 
carbides  than  does  chrcci;ra  rill  reduce  the  probability  of  alpha-phase  forsia- 
tion  due  to  precipitation  of  chroniun  carbides,  ihis  is  confimed  by  the  data 
of  Table  95  /^997»  ffon  rhich  it  cay  be  seen  that  only  in  the  event  of  the 
cost  unfavorable  cenbination  of  circucstances,  specifically  0.32$  C  and  heat¬ 
ing  at  £00°,  does  steel  containing  titaniun  have  hi^er  pemeability  values. 
i7ith  a  scalier  carbon  content,  even  after  heating  at  800°  the  pemeability  is 
very  lor.  It  is  to  be  noted  that  in  the  event  the  steel  is  heated  to  very 
high  tenperadures  (1200  to  1300°),  carbon  will  be  extracted  by  'be  intensely 
carhids-foming  elecent  frac  the  solid  solatioh,  vhereupon  the  elesent  will, 
on  the  contrary,  lorer  the  stability  of  the  anetenite  and  contribute  to  forsa- 
tion  of  the  alpha  phase. 

It  cay  be  concluded  fxos  coeparison  of  she  cerves  of  change  in  the  aag- 
netic  sacuration  and  iapact  dactility  of  steels  1  and  2  in  Figure  357  than 
forcation  of  the  alpha  phase  has  practically  no  effect  on  the  icpact  ductility. 
Iz  is  possible  that  in  the  case  in  question  this  is  explained  by  the  relative¬ 
ly  favorable  shape  and  distribution  of  the  alpha  phase  particles.  At  any  rate, 
precipitation  of  the  alpha  phase  is  core  dangerous  to  the  heatproof  character¬ 
istics  than  to  the  plastici-^  end  ductility  of  the  steel. 
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e  ^u..._i.y  of  tne  steel  after  proloaeed  heatiaff 

above  550  to  oOO°  aay  be  caused  by  fo~-a----n  «»'  - 

_  __  i-cy*5.en  io^^a=,^„n  oi  the  Si£=a  phase-  ?ieare  >4l 

l.lQ  s^o^s  oj  ray  oi  exaaple,  the  change  in  the  iapact  ductility  at  20°  of 
ie  Ah23fli5  s.eex  versus  me  length  of  its  heating  period  at  600  and  ?50°,  a 
caange  due  chiefly  to  the  tendency  of  this  steel  torard  foxn^atioi:  of  the  sigma 
paase;  the  inadequate  stability  of  the  ganna  phase  also  contributes  to  formation 
Of  the  signa  phase.  The  effect  of  nolybdenun  on  the  impact  ductility  of  chron- 
Zhu-nickel  steel  of  the  16-13  type,  shorn  in  Table  52,  ^ 

The  sharp  drop  in  the  impact  ductility  of  steels  1-5  after  heating 
for  loco  hours  at  700°  is  explained  chiefly  by  th-  Tact  that  molybdenum  con- 
trrcutes  to  formation  of  the  sigma  phase.  It  is  also  to  be  seen  from  the 
taole  that  the  shamest  drop  in  impact  ductility  under  the  inQuence  of  the 
Sigma  Phase  occurs  at  room  temperature. 

c.recviy  at  700°,  though  to  a  lesser  extent  than  at  20°.  This  fact 
-as  established  long  ago  in  a  study  qy  G.  V.  Sstulin  since  the  sigma 

phase  plays  an  important  part  in  thermally  stable  and  heatproof  steels.  « 
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snail  discuss  i;  in  greater  detaia- 


?igure  Change  in  inpact  ductility 

at  20  of  Kh25j4i5  steel  as  a  result 
of  prolonged  heating  at  600  and  750°. 

(“)  kgn/ca^;  (o)  heating  tine. 
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It  ras  establasned  as  early  as  1927-1951  /7497#  ^iiat  in  the  event  of 
protracted  heating  in  the  pCO  to  600°  range,  a  hard,  brittle,  and  nonaagnetic 


phase  is  foraed  in  ferrous  alloys  vith  45  to  4756  Cr  vhich  disappears  again 
upon  heating  above  950°.  This  phase  has  since  been  detected  by  nuneroas  in¬ 
vestigators  »  ider  various  nanes  (3  phase,  eta  phase,  sigca  phase,  FeCr  con- 
bound),'  the  designation  "signa  phase”  being  adopted  at  the  present  tine.  She 


Figure  5^2.  Change  in  hardness  ef 
chroaiUB  steels  versus  cbroaiiiM 
content  after  quenching  and  anneal¬ 
ing  (signa  phase  xemation): 

1  -  annealing  at  820°; 

2  -  quenching  froa  1100°. 

a)  Hardness,  H^,  kg/ias^. 

20  33  *3  Sa  63 

Cfi7. 


sane  designation  is  borne  'oy  siaiiar  phases  vhich  exist  in  other  binary  pa¬ 
tens  (?e-V,  Cc-Cr,  Co-V,  Si-V)  and  in  nary  ternary  ones.  She  physical  nature 
and  the  crystalline  structure  of  the  signs  phase  have  not  yet  been  precisely 
established.  Shere  are  ezperinental  data  vhich  ^ersit  the  assczpiion 

that  the  sigsa  phase  has  a  tetragonal  lattice,  but  the  lattice  paraneters  and 
the  ratio  of  the  axes  have  not  yet  been  detenained.  According  to  other  data, 
the  signa  phase  lattice  has  the  following  paraneters:  a  =  6.66;  b  «  6.21; 
c  =  5-13  hX-  Ca  the  basis  of  physical  studies  of  a  ferrous  alloy  tith  52.4^ 

Cr,  the  hypothesis  has  been  advanced  /746/  that  the  reconstruction  of  the  crys¬ 
tal  lattice  and  the  change  in  properties  npon  the  transfomation  oC- — oxe 
the  result  of  electron  transition  f^on  the  chrosius  to  the  3d  hand  of  the  iron 


■.ipon  ir.ceraciion  of  ^he  a;o=s  of  ^hesa  oie2en^3.  There  are  also  hypotheses 
ip^iTj  the  effect  that  the  slg'^s.  phases  represent  a  coapcaad  of  the  elec¬ 
tion  type,  i.  e.,  their  foraatioa  is  regulated  by  an  electros  concestraCios, 
rhioh  in  the  case  is  question  equals  approiisately  7»  -i»e  shape  and  position 
of  the  signa  phase  tesperature  curve  os  secticss  of  the  ternary  Fe-Hi-Cr  sys- 
ten  lead  to  the  conclusion  /7477  -^h  at  this  is  a  phase  of  the  “oertollic”  typo. 

roruutios  of  the  signa  hase  is  acconpanied  by  the  liberation  of  heat, 
increase  in  the  voltise,  and  a  sharp  rise  in  the  hardness  of  the  steel.  The 
latter  nay  be  seen  fren  figure  342  ~  A  hardness  vai'ae  cf  around  1100 

ag/=2  aas  been  found  in  the  signa  phase  itself  in  ternary  ?e-Cr-Si  alloys 
•  foma.ion  cf  the  signa  ^h&s&  is  also  acconpanied  by  a  sharp  rise  in 
electric  resistance,  as  is  to  be  seen  fren  figure  543  The  Curie  po’st 

of  biszry  and  ternary  cigna  phases  is  located  at  very  lox  teaperatcres,  and 
at  rocn  tenperatiire  they  are  Sonferronagnetic.  Thus,  the  Curie  point  cf 


the  signa  phase  of  a  ferrous  alloy  uith  46.4$  Cr  is  -110 


o  1 


figure  345«  Change  in  resistivity  of 
chrositia  steels  versus  chrociua 
content  after  different  ^rpes  of 
heat  trestaeats  ^ 

1  -  annealing  gt  9SC  ;  2  -  an¬ 
nealing  at  820°;  5  -  quenching 
fron  1100°; 

(a)  j>  ,3icroha  •  ca. 


o-.X 


Tae  appearance  of  the  signa  phase,  as  alreaoy  pointed  oat,  lovers  the 
plasticity,  and  particulcriy  the  iapact  ductility  of  steel,  the  extent  of  this 
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lorering  depending  on  the  quantity  of  the  sig^s-  phase,  the  size  o£  its  par¬ 
ticles,  and  their  location.  Just  as  any.  brittle  phase,  it  brings  shout  tae 
greatest  brittleness  of  steel  if  it  is  located  along  the  grain  boundaries. 

?he  plasticity  at  a  high  tenperature  is  usually  not  iasered  in  this  case. 

■Ihe  long-tem  strength  is  appreciably  lorered  only  by  coarse  signa  phase  par¬ 
ticles  /5£^-  The  creep  resistance  of  the  steal  in  the  case  of  brief  load  ap¬ 
plication  even  rises  sonetrhai  under  the  influence  of  the  signs  phase,  but 
drops  in  the  event  of  nrotracted  action  of  a  load  /c£,  7^6#  36^*  ^us,  the 
presence  of  the  sigza  phase  is  £specl.iiiy  undesiraule  and  dangerous  la  beat- 
prcof  steels  intended  for  lengthy  service. 

Studies  of  recent  years  have  shorn  that  foraation  of  the  si^ta  phase  oc¬ 
curs  through  the  origination  of  nucleation  centers  and  their  subsequent  growth. 
The  function  of  nucleation  centers  is  apparently  played  by  highly-dispersed 
particles  of  an  intemediate  S  phase,  upon  whose  appearance  the  ispact  ductil¬ 
ity  also  drops  substantially  Sence,  in  conforaity  with  the  general 

lars  of  phase  transfomations,  the  hinetic  curve  of  signs  phase  foraation  is 
also  C-shaped.  As  nay  be  seen  fron  the  ezasple  shorn  in  Jigare  jVt,  l5^/* 
with  increase  in  the  chroniun  content  in  binary  alloys  froa  24  to  535^  the 
value  of  the  nininun  which  characterizes  the  duration  of  the  incubation  period 
decreases,  and  its  position  is  shifted  toward  the  higher  tei^ratures  in  con- 
fornity  with  dispiacenent  of  the  equilisriua  tenperatore  Tq.  It  follows  that 
the  greater  the  length  of  the  heating  period,  the  snaller  is  the  chroniun  con¬ 
tent  of  the  steel  at  rhiefa  a  certain  quantity  of  the  sigsa  phase  nay  be  fomed. 

Ussj  investigators  have  found  that  the  g-iT-isn-  quantity  of  chronitis  in 
steel  at  which  the  sigza  phase  cay  be  fomed,  the  kinetics  of  its  forzation, 
the  value  of  the  ecuilibriun  tenperatore  depend  on  the  iapurities  and  car- 
bo:?  the  steel  c3ntaix:s,  the  presence  in  it  of  additional  alloying  elenests. 
prelininary  plas’ic  defomation,  and  the  conditions  of  nanufactcre  and  treat— 
cent  of  the  steel. 
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lx  is  so  be  seen  rro=  31s-ir-e  547  3s-?  ia  eveat  of  preiiniasry 

piassic  deforas.sioa  ■sish  55S  recacsioa,  the  si^aa  phase  is  obtained  in  binary 
ferrochrcaiua  alloys  even  lish  a  content  of  16  to  15>  Cr,  the  equilibrins  tea— 
perasure  of  its  foraatica,  and  ascsrdiagly  *hat  of  dissociatioiit  raagins  in 
saah  alloys  iron  475  to  650°.  The  accelerating  action  of  nork  hardening  say 
also  ezplain  -he  effect  of  certain  other  factors  cn  fornation  cf  the  sigsa 
pnase-  Tins,  for  ezaaple,  /56^,  the  tersi nation  of  rolling  at  a  redaced  tes- 
peratnre  accelerates,  and  the  annealing  of  rolled  blanks  retards,  tbe  forsa- 
tion  of  the  sigaa  phase.  The  signa  phase  is  forsed  such  sore  easily  in  rolled 
blanks  than  in  castings  of  the  sane  steel  at  the  sase  heating  teaperatare. 


Figare  5^7  •  Portion  of  stractnral 
diagras  of  Pe-Cr  alloys  aith 
0*0^  C;  predeforsed  by  cold 
working  vith  93^  redsction: 
o  -  no  sigsa  phase;  a  -  signs 
phase  present. 

(a)  teaperatare,  *’c. 


The  ispurities  contained  in  cossercialiy  pare  alloys  greatly  accelerate 
the  process  of  farsation  of  the  sigsa  phase  ^see  ,^Sassis^  p.  277).  Phosphor- 
oas  has  the  greatest  effeat  in  this  respect.  The  effect  of  carbon  is  weaker 
than  that  of  the  iaparities,  probably  becease  it  can  exert  its  effect  in  op¬ 
posite  directions.  Thus,  the  precipitation  of  fine  carbides  accelerates 


3;CL-55?/?  (2) 


121 


♦VfHnnii 


forration  of  zhe  siffis.  phase  /582/.  Carbost  on  the  other  hasc,  contributes 
to  forsi-tion  of  the  ganna  phase  ana  reduces  the  “effective''  chroniua  content, 
this  inpeding  fomaticn  of  the  signa  phase.  Hence,  the  effect  oi  carbon,  in 
contrast  to  that  of  the  inpurities,  nay  not  be  a  regular  one- 

"he  najaritj  of  the  additional  alloying  eienents  introduced  ..n.o  nea»— 
resistant  steels  shift  the  region  of  existense  of  the  signa  phase  toiard  -he 
iorer  cnroniun  percentages  '-a  loner  tenperatures,  and  accelerates  its  foma- 
tisn  /cf.  5S2  et  al^-  A  considerable  accelerating  effect  as  exerted,  for 
e2C3nole,  bv  silicon  (?ig«  aluninun,  vanadauit,  txtaninn,  niociun,  .i^lyo— 

denun,  and  tungsten.  Cobalt  and  nitrogen  have  a  slagiit  effect.  Certain  of 
the  elenents  referred  to,  particularly  nolybdenus  end  tungsten,  exert  a  core 
connlex  influence.  As  already  ncted  on  p.  278,  tnese  elenents  shif*.  the  dn** 

■  — 02  the  kinetic  curve  of  fomation  of  the  signa  pnase  toxard  the  hi^ie.. 
tenperatures,  and  xLth  a  content  exceeding  a  certain  percentage  (over  SIo 

in  ?e  -Cr  alloys  and  2  to  55i  Ho  in  ?e-Cr-Si  alloys),  they  fore  the  kappa  phase, 
to  the  kinetics  and  tenperature  conditions  of  whose  forsation  insufficient 
stv 'y  has  as  yet  been  devoted.  It  has  been  established,  boBver  /cf. 
that  it  is  sinilar  in  its  properties  to  the  signa  phase  and  that  its  assunt 
also  increases  with  longer  exposure  to  heating;  while  plastic  defomation  ac¬ 
celerates  its  fomation.  A  new  phase,  I,  nonaagnetic  and  just  as  brittle  as 
the  nhase,  which  presuaably  represents  a  coapound  of  iron  with  titaniox 

and  aolysdenun,  been  discovered  /So^  in  chroai  ua-ni  ckei  steels  of  the 
13-3  type  alloyed  siaultaneously  with  polybdenu*  and  titamua. 

5he  basic  aethod  of  reducing  the  danger  of  fomation  of  tae  signa  pnase 
is  selection  of  the  proportion  of  alloying  eleaents  which  ensures  for  the 
steel  a  stable  austenitic  structure  and  the  absence  of  the  alpha  phase  fron 
in.  ?hus,  for  exsnple,  the  foxaation  of  sigaa  phase  is  scarcely  probable  in 
steels  cor.taining  14  to  i65S  Cr  and  2p  to  JOjS  Ki.  Steels  of  the  5h25S15  end 
Hh2jSl8  type,  on  the  other  hand,  are  located  so  near  the  heundaxy  of  the  gaana 
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and  ganca  +  aigna  region  on  the  phase  diagraa  (Fig*  5*^6)  that  the  factors 
discussed  ahore  can  easily  transfer  then  to  the  gaaaa  +  sigaa  region.  With 
the  Sh23H13  steel*  this  nay  occur  eren  as  a  result  of  fluctuatioas  of  the 
chrcaiua  and  nickel  content  ulthin  the  liaits  of  the  said  brand  of  steel. 


Figure  346.  Microstructure  of  tso 
austenitic  steelss 
a  >  0.08J(  C»  0.83)(  Xn.  3*0^  Si, 
15.72Jt  li,  1.53J6  Al,  17.<W  Cr, 
0.6)(  Ti.  X  500|  h  •  0.0S%  C, 
0.76%  Xn,  0.52%  Si,  \5-l^  Cr, 
n.29%  li,  Z.xat  dl,  0.581  Ti. 

X  300.  The  arrora  indieats  the 
iapriats  upon  aeasureaeat  of  the 
■ierohsTdasss. 


Viz"*"? 


However,  this  aethod  does  not  eos^letely  prevent  the  possihili'^  of  oV> 
taining  the  sigsa  phase.  It  has  been  found  in  nasy  stadias  et  al./  that 
the  sigaa  phase  nay  be  foraad  not  only  as  a  result  of  the  oC — ^  ^  or  v - > 


^  transforaation,  but  also  directly  fron  the 


phase,  althoo^ 


it  is  foraed  acre  slowly  froa  the  latter  than  fron  the  alpha  phase.  In  addi¬ 
tion,  prolonged  heating  nay  lead  to-  the  foraation  of  a  certain  qaanti^  of  the 
alpha  phase  even  in  a  steel  with  a  stable  aastenitie  stxactrre  /ct.  5^2  et  al^. 

■e  shall  point  oat  in  coadasim  that  the  ^  transforaation  is  re¬ 

versible.  Conasiiuently,  a  steel  in  viieh  the  sigaa  phase  has  foxned  asy  be 
corrected  by  heating  to  a  teaperature  above  820**  (binary  Fe-Sr  alloys)  or 
above  950°  (ternary  Fe-Cr-Ii  and  Fe-Cr*dta  allays)  with  sabseqaent  accelerated 


cooling. 


A  asrioes  defect  ef  naay  austenitic  heat-resistant  (and  stainless)  steels 
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Is  ssSw  2.L  tah9  cy9S9nw  iiii9  iTo^  w«9  :ii2rposc  cu^s^iony  bu*»  lo— 
ccrtfcir.  «riih  a  higa  compression  rario,  it  still  is  not  sufficien-ij 

heat-resistant,  iliojir-i;  oi*  this  steel  sith  nitrogen  increases  its  500-oour 
long-term  ultimate  strength  at  755**  -rcm  8  to  9  —s/^~*  ■sitn  a  sinaitaaeoas 
25  to  50j^  increase  in  the  plasticity  characteristics  at  railure«  hut  greatly 
impairs  its  ceiormahility.  Introcuation  of  the  nischmetall,  on  the  otaer 
hanc,  in  improving  the  ceiormahility  permits  utilization  of  the  improved  meat- 
resistance  qualities  of  this  steel. 

rhe  possibility  has  seen  established  in  the  studies  of  certain  Soviet 
investigators  _/774  et  alj  of  improving  the  deformability  of  austenitic  steel 
hy  0.5  to  0.  "ji  pro  rata  addition  of  calcium,  this  yielding  0.03  »*>  0.06Jb  Ca 
in  the  metal.  The  authors  ascribe  the  effect  -of  calcitis  to  the  fact  that  it, 
being  a  surface-active  element,  lorers  the  surface  tension  of  the  molten  steel 
and,  up  to  a  certain  percentage,  refines  the  primary  crystals  in  the  ingot. 

The  addition  of  calcium  also  increased  the  long-term  strength  soaeidiat  and 
appreciably  reduced  the  creep  rate  of  the  investigated  steel,  vhich  contained 
O.OS^  C,  16.5^  Cr,  23.3^  mi,  and  6.5%  Ho. 

Improvement  of  the  technological  properties  and  the  yield  cf  ussfhl  metal 
in  hot  deformation,  as  is  illustrated  studies  in  recbnt  years  /cf.  B3B/* 
is  also  achieved  by  meltizig  of  the  steel  in  vacuo,  and  particularly  if  the 
pouring  is  also  conducted  in  vacuo.  Since  there  is  also  an  appreciable  im¬ 
provement  in  the  reat  resistant  qualities  in  this  case  (cf.  ?ig.  513),  melt¬ 
ing  in  vacuo  presents  interesting  perspectives. 
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As  exscples  or  seai-resisiast  chroniiis-nickel  ausienitic  steels  coatain— 
so  additional  aiicjir.;;  elements,  =e  nay  cite  the  standardized  brands 

IKhia;-:!??,  lKhieKi25  (into  each  of  these  titaniun  or  niobian  is  in- 
trccucec  chiefly  for  the  parpose  of  elininating  intercrystalline  corrosion) , 
r-h25Ml>,  and  Kh23;ji8-  “he  --reign  steels  25-12  and  255-20,  also  very  cicely 
aces,  correspond  to  the  last  tco  brands.  Vfhen  they  contain  0.5  bo  O.^S^  C, 
these  steels  are  enpioyed  for  cast  heat-resistant  articles.  Steels  addition¬ 
ally  alloyed  cith  siliccn  in  the  ancunt  of  2  to  >2  rith  the  ain  of  increasing 
their  corrosion  resistance  are  represented  in  the  Soviet  standard  by  the 
brands  jChl3525S2-  nh20Si4S2,  and  Kh25S20S2.  Brands  sicilar  to  certain  of 
these  are  also  enployed  abroad.  Thus,  for  eianple,  in  the  OSh  the  steel  5^^ 
corresponds  to  the  nh25'‘20S2.  ae  nay  cite  as  eiaaples  of  steels  additionally 
alloyed  cith  tt  '.£sten,  nolybdenan,  and  titanius  xith  the  aia  of  iaproving  the 
heat  proofness,  the  brands  4^4Sl4¥2Ji,  lZxil4Xl4722,  and  Knl8S12JJ2T,  althoa^ 
the  use  of  the  first  tco  is  linited  at  the  present  tice.  Steels  additionally 
alloyed  sinaltaneaasly  rith  tungsten,  nolybdenan,  titanius,  and  silicon  in¬ 
clude,  for  exanple,  the  2hl45l4sir2jt  brand  cith  4^  Si  and  the  SI125,  chich  con¬ 
tains  on  the  average  0.2g  C,  2^  Si,  0.6%  2In,  1^  Cr,  Ki,  2^  w,  and  15»  2i. 
?hc  basic  properties  of  these  steels  have  been  described  in  the  corresponding 
literature”  /754,  756,  512,  76I,  44c,  45S,  4l4,  et  el^, 

?able  54  lists  the  principal  chronitui-nickel  austenitic  heat-resistant 
steels  enployed  at  the  present  tine  in  US  industry  and  the  values  of  their 
iong-tem  strength  /442j  see  also  7C1,  754,  75^»  Ine  sene  table  gives  the 


For  lasting  duty,  see  also  the  bibliographic  reference  in  the  footnote 
and  the  text  to  chich  it  refers  on  p.  5?C  and  /5i$^. 
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cc^oosiiion  Ci  certain  German  and  English  steels  ^1^«  Alloying  citn  titnn- 
inn  alone  (steel  l-r)  has  the  ain  or  nardcning  the  steal  tnrougn  orecipitation 
of  a  titaniun  phase,  and  f'T  slmiltaneously  efrecting  a  saving  oi  costly  alloy¬ 
ing  elenc-nts.  Steel  o;'  this  type,  iihich  is  also  enployed  donestically  (the 
£1424},  represents  a  postirar  modification  of  the  16-30  steel  sith  1.9  to  2.25j 
Ti,  chich  tras  developed  daring  the  mar  in  Cemaisy,  ■chere  it  vras  used,  under 
the  designation  "tinidar”,  chiefly  for  the  vanes  of  gas  tiirbines  of  jet  air¬ 
craft.  It  is  interesting  to  note  that,  according  to  German  sources  this 

steel  (though  containing  only  1.5^  “)  ia  the  form  of  an  annular  forging 
usighing  210  kg  had  a  los  long-term  strength  and  -sas  found  to  be  unfit  for  use 
in  a  station  "j  steam  turbine  bfuilt  in  1546  for  operation  at  a  temp»erature  oi 
■SO-'j  ''  and  a  steam  pressure  of  160  at.  It  is  to  be  seen  from  Figure  5^9 
that,  uith  a  higher  percentage  of  titanium  and  an  aceixtuTc  of  aluminum,  steel 
of  the  "tinidar"  type  (14  in  Sable  94),  with  respect  to  tne  long-term  strength 
Value  at  700°  is  even  superior  in  the  event  of  a  brief  service  life  than  steel 
10,  which  is  alloyed  with  cobalt.  In.  the  event  of  lengthy  service,  its  strength 
drops  sharply  and  proves  to  be  lower  than  that  of  the  others.'  Sith  respect  to 
the  values  of  elongation  at  long-term  rupture  shown  in  Figure  549t  ti»is  steel 
is  also  far  inferior  to  the  steels  comparable  to  it.  A  domestically^  developed 
steel  with  a  similar  percentage  of  ccromiua  and  nickel  (15-35) t  but  addition¬ 
ally  alloyed  with  titanium  and  tungsten  (the  Sl6l2)  has  better  properties  for 
long-term  duty  at  temperatures  up  to  650°. 

2he  majority  of  the  steels  listed  in  "able  94  are  strengthened  by  semi- 
hardenimg.  Steel  9  is  strengthened  by  precipitation  hardening  through  a 
cuprous  phase,  steel  4  throu^  a  carbide  phase,  and  steel  6a  through  an 
phase.  Steel  2  or  16-25-6  (domestic  steel  SI 395),  capable  of  being  structur¬ 
ally  hardeiied  /cf.  580  et  al^,  nay  be  most  effectively  strengthened  while 

■^A.  y.  Star^r-ibovich.  Jletaiiovedcniye  i  obrabotka  metallov,  Ko.  12,  1957,  p.26. 
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i.cc\.i.rir^£  '.he  best  properties  at  roor  and  high  tssperatures,  through  a  cos- 
bir.ation  of  seni -hardens eg  end  precipitation  a'ging,  'Shich  is  ap:-arentiy  in- 
tensifica  by  cold  -orhiag.  Tr.is  is  achieved  by  quenching  fros  a  teaperatuxe 


gable  94 


Cheninal  Conoositiaa  of  Certain  Heat-Hesistaiit  Conplex-Alioyed 
Chrcaiua-Xickel  Austenitic  Steels-  iiaployed  in  Sngland,  the 
Geman  Pederal  Hepublic  and  Geman  Benocratic  Republic. 


Steels  1-8  are  used  an  the  USA;  9  ^tnd  10  in  England;  11—14  in  Sexsany  (steels 
12  and  Ip  tfsre  introduced  after  the  car). 


o 

~?e  —  ronainder. 


oi  arour'-d.  li.75  i  foilotrea  sy  detomatacn  sith  20  to  reduction  at  a  tenner— 
atare  of  650  to  750°,  *hich  is  beior  the  recrystallizatics  tenperature  of  the 
given  steel  (980  to  1040°),  and  tenpering  at  a  tenperatnre  of  around  7C0°.  ghe 
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r.-cc*n*ay  K-'olished  rescltr.  of  s'.udies  r.ot  yet  coaple'-ed  shor  that  in 

ihi3  s-.eel  l&:o  of  the  r.ichel  aay  be  rapiaced  by  65^  uansanese  without  aetri- 
w-ontaliv  affecting  i-s  cwowcriiee*  Xn  wiie  Soviet  Union  whe  lo-Sp^-o  ^t-e— 

(i.i55y)  is  beinc  suDoianted  oy  a  ateel  tiith  a  cnroaiua— aan{>anese— ».-ckel  au— 

sera  tic  matrix,  coraaining  cn  xhe  average  O.yl^  C,  12.5^  Cr,  8.5^  2in,  ait 

1.25ri  ^o,  lJt%  V,  and  0,6^  IVa  (ihe  2X481  steel)  and  used  for  parts  wita  a 
short  service  life-  ---  steel  of  approximately  the  same  composition  as  ateel 
j  is  also  usee  domestically  {the  EX572  steel)*  As  may  be  seen  froa  rable  9^* 
it  has  a  high  long-term  strength,  this  being  the  result,  as  with  a  number  of 
other  steels,  of  alloying  with  a  relatively  small  ouantity  of  tungsten  and 
niobiun.  It  iso  possesses  a  hi^  relaxation  resistance  and  low  notch  sensi¬ 
tivity,  but  its  structure  must  not  contain  more  than  5^  ferrite  in  taa  form  of 

■  V  -  *•  -  •  i 

iine  zones  in  thin  tna  austenite  grains  . 

Table  94  gives  only  the  long-term  strength  values  for  100  and  1000  hour 
periods.  There  are  as  yet  no  sufficient  data  on  the  properties  of  these 
steels  with  respect  to  long-service  life.  Of  interest  are,  therefore,  the 
data  given  in  the  German  report  referred  to  above  on  the  behavior  after 


50,000  hours  of  certain  austenitic  steels  from  which  responsible  turbine  parts 
rere  manufactured  to  operate  at  a  temperature  of  600°  and  steam  pressure  of 
160  atm.  A  disk  SyO  mm  in  diameter,  180  sm  in  thickness,  and  weighing  6i4  kg, 
which  was  subjected  to  work  hardening  with  10S5  reduction  at  a  temperature  be¬ 
low  the  recrystaliization  point,  was  forged  from  a  steel  (AS  SS)  containing 
0.0^  C,  0,655  Si,  1,15s  an,  Ic^  Cr,  135»  Ni,  2fi  Mo,  1^  Sb  +  2a,  and  0.1555  K, 
i.o.,  steel  15  in  Table  Sh,  bat  containing  no  vanadium.  In  specimens  of  this 
forging  —  which  is  currently  in  service  —  the  long-term  strength  obtained 
by  extrapolation  to  100,000  hours  is  15  kg/ma  ,  while  it  is  cnly  9  kg/ca  in 
the  same  steel  but  in  quenched  state  without  cold  work,  She  effect  of  work 


■> 

“A.  y,  Stanyakovich.  Setallovcdeniye  i  obrabotka  mctallov,  So.  12,  1957, 

p.  26. 
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sas  retailed  after  >C,OCO  r.&urs  of  service  at  600^.  It  is  i 
ir-e  to  note  that  this  steel  essentially  is  a  modification  of  the  steel 
Uoei  earlier  in  the  USA  (prior  to  introduction  of  the  steel  16-25-6), 
in  place  of  1%  i£o  contains  the  sane  amount  of  niobium  and  O.lp^  2. 


ntercst- 

16-15-5 

which 


yigure  5^9*  Brealiing  stress  versus  duration  of  load  appli¬ 
cation  at  700  in  “tinidur”  steel  as  compared  to  other 
steels: 

1  -  steel  14  (tinidur)  with  G.l^  C,  15^  Or,  50?>  Si, 
1.7^  ^i,  -«•  Al;  2  -  steel  wlO  with  0.45S  C,  155^  Cr, 

155S  Ki,  2^  Ko,  2.5Si  Sb,  1036  Co;  5  -  steel  12 

with  C.08^  C,  16»  Cr,  5i,  2g  Ho,  O.o^  5b,  0.05^  3. 

?he  numbers  by  the  points  designate  the  values  of  ^  , 

2 

at  failure  (i  =  5^).  (a)  stress,  jcg/sm  ;  (b) 
duration  of  load  application,  hours. 


A  steel  with  0.0656  C,  0.5^  Si,  1.356  Jin,  I656  Cr,  22j6  Si,  1,4^  Xo,  0.9^  Sb  + 
?a,  and  0.15^  K  has  proved  itself  valuable  for  parts  which  xnast  not  be  subjected 
to  cold  working  or  which  require  welding.  With  respect  to  the  long-term 
I  strength  after  30,000  hours,  it  is  superior  without  cold  work  to  the  preced¬ 

ing  brand  (the  steel  AT  S«t)  in  the  work  hardened  state.  Steels  12  and  I5  of 
Table  54  were  introduced  in  the  Federal  Bepubiic  of  Cersany  after  the  war  as 
relatively  economical  brands  precisely  for  the  parts  of  station^y  installa¬ 
tions  designed  to  operate  at  temperatures  up  to  65O".  In  steel  12  the  nickel 
content  has  been-  increased  to  1$^  with  the  ain  of  producing  more  stable  austen¬ 
ite.  This  goal  is  reached  in  steel  13  by  the  introduction  of  nitrogen.  To 
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so  increased 


increase  ihc  stability  of  the  austenite,  the  ntcnel  con.cn^  rHS  aiSO  .c-ea-e' 
to  I6j5  in  steel  il  (Table  9*»)-  This  is  a  presar  modification  of  the  o^eei 
in  rhioh  Ko  has  been  replaced  by  0.6»  Hb.  A  siailar  lo-ly  steel 
rith  2:j  Ho  and  Itb  is  also  used  conestically  (the  2X405)- 

Austonitic  steels  adcitionally  alloyed  cith  cobalt  stand  u?  sell  at  tem¬ 
peratures  up  to  500  to  650°.  An  example  is  steel  10  (Table  94)  used  ir. 

England,  A  nccifi cation  oi  -his  steel  sith  a  soncshat  nighcr  tungsten  and 
nolybderiim  content,  reduced  content  of  rJ.obiua  and  sith  vanadium  and  titaniua 
acditionaiiy  introduced  in  snail  ouantiti.es  is  also  cnployed  donesticaxiy  (-he 
iTish).  “iteeis  of  a  similar  type  have  been  developed  domestically  j/SoO/  so¬ 
used  for  the  manuiactura  of  cast  parts  of  poserful  stean  turbines  designed  for 
operation  at  temperatures  above  550°  and  under  high  pressa»-e  for  100,000  hours. 


An  idea  of  heatproofness  cf  steel  4  (Table  94),  smich  contains  even  mo-e 
cobalt,  in  long-term  service  may  be  gained  from  the  recently  published  results 
/^57  of  tests  of  this  type  of  steel  conducted  for  periods  attaining  iC,0C0  to 
12,000  hours.  It  may  be  seen  from  Figure  550  that  the  value  of  the  long-tem 
ultimate  strength  at  oow°  and  duration  oi  20,000  hours  obtained  ay  extrapola¬ 
tion  is  la  kg/=m^,  and  l6  kg/=a^  fer  a  duration  of  100,000  hours.  The  alloy 
resists  relaxation  fairly  sell  at  the  same  temperature  for  a  period  of  12,000 
hours,  ^ith  a  continuous  application  of  load  during  apprcxiaately  10,000 
hours,  ultimate  elongation  did  not  fall  belo*  I4;i.  The  impact  ductility  at 
20°  after  isothermal  holding  at  66C  and  7CC°  for  2000  to  5000  hoars  drops  from 
8  to  2  kg/cm  ,  bat  subsecaentiy  remains  constant  for  ahoat  10,000  hoars.  The 
hardness  varies  little  upon  isothermal  holding.  So  precipitation  of  a  ferro- 


1 

V 


magnetic  phase  is  detected.  The  authors  ascribe  the  relatively  high  stability 
of  the  structure  and  properties  of  the  alloy  principally  to  the  effect  of  co¬ 
balt.  The  precipitated  phases  co:isist  cf  StC  and  2^25^6  »hcir  chrom¬ 

ium  content  remaining  constant  for  1C,OOC  hoars  at  650°,  but  the  molybdenum 
content  increasing  from  9  to  15!>  and  that  of  tungsten  from  7  to  18. 5>.  &ore- 
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over,  a  has  aesr.  ceOt^c‘-e«  vri.oce  coriposi^ior.  ar.-i  s^ruc^ure  tz  hf-a  row 

-cscihle  c&rir*s*  I-  is  srobable  tha't  zhis  shaso  slays  an  isrortanS 
in  ^h&  s-ability  or  the  alloy,  parwicuiarly  after  a  load 
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?iii!ire  53C-  Losg'-tera  s^rengch  o?  alloy  -Bith  /'-» 2{^  *'^*0 
2(^  Ki,  £:;&  20ji  Co  ar  6&a”-  Oil  cuenchiBg  froB  1200°. 
^eaparing;  a  -  srooth  opecineBss  7cC  ,  70  hours;  b  - 
notched  specimens:  800  ^  43  hours. 

(1)  stress  C  ,  kg/ui;'^;  (2)  tine  to  failure,  hours; 

(3)  13  k£/n=s^;  (4)  13  ko/sa^. 


?he  results  have  recently  been  published  of  extensive  research  relative 
to  the  lons-terr.  service  life.  ?nis  research  vas  conducted  in  accordance 
uith  a  single  progran  sinultaneously  at  a  nunber  of  plants  and  at  research  in¬ 
stitutes  in  the  Geman  Benocratic  Sspablic  and  the  Federal  Republic  of  Gesntaiyr 
and  certain  other  countries  (USk,  France,  Czechoslovakia,  Sveden,  bvitzerland). 
^icse  investigations  involving  tests  continuing  for  30,CC0  hours  at  teapera- 
tures  up  tc  700°,  are  being  conducted  in  the  Geman  Besocratic  Bepublic  and 
the  Federal  Bepublic  of  Cemany  uith  25  ferritic  ana  12  austenitic  steels,  as 


cell  as  vita  5  non-ferrous  alloys.  Unfortunately,  ve  *ere 


not  xn  a  position 


tc  give  nerc  the  sost  ieportent  data  obtained  in  this  research  and  refer  the 
reader  to  the  original  source^. 

C.  HSk^-BBSISSaS?  !.'ICBBL  iHB  C0SlL?-3sSS3  ALhOIS 
The  urgent  need  for  a  further  rise  of  the  beat  resistance  cf  netels  led 
during  the  war-  and  espscialiy  curing  the  postrar  years,  to  the  developnent  of 

i  T.  IT!  T- 

^reniv  a^senau.ten.esen,  sB.  2o,  l^pTt  Ho.  5/^  ^Hai /ijuni)  and  Ho.  11 
(Sovenbar). 
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L.  large  riUiber  of  coziplsz  r.iciei  ccbal-  bacea  aiiOj'S  aad  to  taeir  coas»a:i- 
la :  rcveaer. t •  icasy  cr  taece  alleys  costaia  a  iarse  quantity  oi  both  cobalt,  and 
nicioi  slaultasecusly,  aac  arc,  taerefore,  frequently  placed  in  an  iaieceadeat 
^ro—p  of  alloys  on  a  nichel— cob_lt  base.  The  advaatajics  of  atloys  of  this 
type  {?ig.  35)  —2  -o  be  seen  fron  Pib*— e  551  /S\Of » 


ssa  TS»  ISO  M30  sso 

ii)TeMixoomjp9,  K 


Fixture  551*  Values  of  ICCO-hour  long-tera  strength  at  var¬ 
ious  tcnperatturcs  for  certain  aicicel-cobalt  based  alloys 
(used  in  Cemany}  in  ccstsarison  vith  steel  10  alloyed 
»ith  cobalt  (curve  A;  ef.  Table  10  for  the  conpositios 
of  the  steel.  The  nuabers  of  the  curves  correspond  to 
the  alloys  rhose  coapositioa  is  given  in  Table  95» 

(a)  100-hour  iong-tera  strength,  Jcg/ca  j  (b)  tea- 
perature,  C. 


Al'-y  1  is  the  soaevhat  aedified  Aaerican  alloy  F-155t  classified  in 
Table  54  aaong  the  ccaplex-alioycd  austenitic  steels  (steel  4).  It  is  to  be 
seen  fron  Figure  551  that  up  to  800°  alloy  4  (Taoxe  95)  is  superior  to  the 
others.  It  is  principally  alloy  5  chich  is  used  for  turbine  vanes. 

Table  So  /442,  see  also  701,  75^»  751i  51^  gives  the  alloys  based  on 
nickel  and  cobalt  rhich  are  enploycd  at  the  present  tine  in  OS  industry  and 
the  values  of  their  long-tern  strength.  Alleys  of  nickel  and  chrosius  or 
chroniun  and  iron,  knovn  under  the  designations  Xiebrone  and  Ferronichrone, 


ec  1  .try  hicii  ccrrucios  resx-'iir.ce  and  have  ijne  been  used  as  iiiaii- 
rtsiai_Y_-.y  alloys  for  hea^er  eleaenis,  etc-  Horever,  their  heat  resistance 
in  rt-aiively  ios.  rhus, ii  is  to  be  sees  fros  ?igure  552  f^TlJ  that  the  carves 
o:  creep  strength  (stress  at  rhich  the  average  creep  rate  dees  sot  exceed 
aO  iu/sourj  versus  tesperatare  practically  coiscide  for  Ferrosichrone  ip— oO 
VoOis  -.1,  iy^  Cr,  2551  Fe),  for  Kichrere  20-30,  ssd  for  asistesitie  steel  20-25, 

— -tnea^  tae  creep  ctreni;ts  of  the  Kichrosss  say  be  raised  by  elevating  the 

gable  95 

Cnesical  Cosposition  (average,  of  Eickel-Cobait-3asee  ^loys 
atpioyed  _s  the  Gersas  Uesocratic  Hepablic  and  the  Federal 

Hepublic  of  Gersai^ 
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■*  va--.ant  is  used  vita  vhich  possesses  better  heatproof  caalities, 


caescsing  tesperatare  (the  alloys  of  Fig.  352  rare  quesched  froa  1000  to  1075®). 
as  say  be  sees  ires  gabie  5^»  the  15-76—8  Ferrosi  chrose  Iscosel  (2)  also 
a  los  iosg-iera  strength.  Sicfcei  alloys  vith  25  to  35>  Cr  have  saich  better 
neatproofsess,  as  is  to  be  sees  fres  Figure  plO.  Hovever,  the  practical  util- 
isatios  of  such  alloys  is  ispeced  by  their  poor  techsoiogical  properties.  Xore- 
over,  as  vas  recestly  established,  proiosged  heating  of  alloys  -rith  20  to  302 
Cr,  at  tesperatui-es  belov  =50®  leads  to  forsatios  of  the  cospound  Hi^Cr  [zt. 

,  tse  effect  of  vhich  on  the  sost  iaportant  properties  of  these  alloys  has 
sot  yet  sees  studies.  Hesce  Kichroses  liitboat  additional  alloying  are  ejs- 
picyed  csere  si^  corrosion  resistance  is  required  in  addition  to  average  heat¬ 
proof  cujiiities,  such  as  for  flues  is  aircraft  gas  turbines. 
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?i£ure  55^ •  Liniied  creep  stress  versus  temperature  for 

certain  nickel— based  alloys  and  austenitic  steels. 

2 

(a)  stress,  kg/nn  ;  (b)  tenperature,  °C. 

ise  basic  sethod  of  improving  tbe  heatproofness  of  Sichrones  consists  in 
alloying  uita  titaniun  and  al uni nan  in  order  to  render  then  structurally 
hardening  alloys  throags  the  o?  phase.  As  a  result  of  this  fact  their  carbon 
con.cn.  IS  lor.  Of  isportance  in  this  process  is  not  so  much  the  strengthen¬ 
ing  causcc  by  this  treatnent  as  the  disperse  precipitation  of  the  o(^  ph,T^e 
itself  /cf.  44^/,  rhich  isee  ^uscianT'  ?.  520)  has  a  hij^  interatonic  bond 
strengtn  and  resistance  to  ccagalation.  Hence  annealing  of  these  alloys  is 
usually  conducted  at  a  tenperature  lying  beyond  the  hardness  curve  naxinan, 
anc  I  or  a  iengtay  period.  £ith  respect  to  their  heatproofhess  (cf.  T-able  96), 
in  accition  to  titaniun  and  aiuninun  these  alloys  are  also  fused  with  cobalt 
and  noiybcenun  -men  also  strengthen  the  solid  solution,  and  are  to 

cooait-sased  alloys,  or  .are  superior  to  then,  even  at  a  tenperature  of  870°. 
&:cn  alloys  include,  in  particular,  Kinoaic  100  (I5  in  ”ahle  96). 

rurtner  researen  in  this  field  is  thus  being  conducted  xith  cobalt-free 
or  lou-cobait  alloys  based  on  nickel.  5hat  such  research  nay  yield  substantial 
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is  ir.cic&^sc,  for  txa^pie,  ~::  the  very  hiiih  heat  resiatr-ace  of  cast 
r.ichei  alloys  sith  chroricr,  aoiybcor.vn,  alasinus,  niobiua,  atiu  Lorca 
Vhc-  20i/-hc,ar  lcaj;-tera  streajth  o;'  alloys  of  this  type  ccatsiaia?;  12  to 
-r.  S  to  6!i  rc,  5.5  to  ?>  Ai,  2^  rb,  0-5^5  3,  ar.d  4.5$  ?c  is  10.5  to  14  ks/=^. 
ac-ntior.  is  also  race  is  the  literature  /jo'i/  of  as  alloy  (GIS)  coatair.ise  0.1 
0.2,5.  C,  t4  to  17;1  Cr,  4.5  to  6.0$  lie,  2.5  to  Al,  I.5  to  aad 

0.023  to  O.lia  3,  asc.  a  test  alloy  of  sirilar  coapositioa  but  coataiaiag  10$  Cr, 


so  aolybaeaua,  asd  0.3$  Cr.  Hosever,  tha  tiae  factor  exert 


s  a  very  strong 


*^tect  on  these  alloys,  and  shea  the  test  continues  for  ICOO  hours,  their 
^ uaat zests  a  greater  drop  than  in  the  case  of  the  other  alleys,  liore— 
c.5:r,  iaey  a;-“:t  be  brzttie  at  roon  teaperatura.  One  can  scarcely  doubt  the 


?^-'3Zbzlity  of  fiirther  iaprovenent 
ttzng  other  alloying  eleaents. 


and  of  achieving  positive  results  in  util¬ 


ise  sasteiloys  vhich  basically  represent  nickel  alloys  vith  aolybdenun 
and  enroaiua,  are  also  cited  aaong  the  nickel-based  alloys,  -xth  respect  to 
-neir  iong-tem  strength  (cf.?able  5S)  and  creep  resistance,  they  arc  inferior 
to  nost  other  nickel-based  alloys,  and  their  use  is  justified  by  the  fact  that 
they  possess  a  hi^  chenicai  stability  in  a  zzusber  of  aggressive  sedia.  Sence 
they  till  be  d-scussed  in  the  chapter  on  the  alloying  of  stainless  and  acid- 
resistant  steels.  Alloys  of  this  type,  but  vith  a  hi£her  ebroniua  content, 
are  sonetznes  enpioyed  for  parts  uhich  in  addition  to  average  heatproofness 
nust  possess  a  very  high  corrosion  resistance,  ife  nay  cite  as  an  ezsnple  an 
alloy  containing  0,5$  C,  1$  Kn,  1.2$  Si,  2o  to  27$  Cr,  45  to  50$  3Ii,  5^  oad 
the  renainder  ?e,  rhich  1:33  fairly  stable  in  service  at  te=?erar5ires  up  to 
1250°  for  up  to  2500  hours  , 

Cobs-lt-based  alloys  usually  contain  an  increased  ancunt  of  carbon  and 
carozee-foming  elements  —  nolybdenun,  tungsten,  niobiun  {cf.  ?able  96) _ 


ana  nave  hz^  haatproofness  due  to  the  vary  stable  carbid 


ce  phases  located  in 


tne  nc-atproof  natrii.  Hence  they  nomally  do  not  require  precipitation 
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”C  •  Oertairi  o:'  zr.t:i  are  tz-rloy-.c  us  cust  ulloys,  ■rhile  ariicies  arc 
r.u_c  if  ihcr.  Ly  ir.e  acihic  of  precision  casiin;;-  ?r.e  high  resisiancc  of  ohe 
caroici  phases  (anc  pcssisiy  that  of  the  aetaliic  conpounCs  OoCr,  CoUc,  and 

feilj  to  =or*g«lation  at  hi^  tenperatnres  app’arsntly  cj.plaiJ.s  the  fact 
~--n  respect  to  their  heatpraefness  the  cobalt-based  alloys  (cf.  Table 
?-/  sncoricr  to  nickel— based  alloys  only  at  S50  to  950  .  At  loser 

ksratvres,  not  only  do  thej*  offer  no  advantages  over  the  cheater  nickel— 


^asec  ^iovs^  bnt 


re  even  anterior  to  then. 


“-~®j  -0  Table  5o»  shieh  is  knom  under  the  nene  “vitalliun",  in  ad— 
-iticn  to  its  high  heatproefness  possesses  a  high  reaistance  to  corrosion  in 
“  ~>^oer  oi  very  aggresstve  nedia.  dince  it  has  been  found  to  be  one  of  the 


nost  stable  it  cas  tat 


to  side  use  in  surgery  as  a  nateriai  for  plates,  sorcss. 


etc-,  in  bone-knitting  operations  and  the  like. 

--SO— Carson  cosaat- based  ailoys  of  the  Stellite  type  are  also  asoloyed  as 
acatprooiness  atloys-  Thus,  for  eiancie,  the  possibility  is  reported  /75^ 
of  enpioying  an  alloy  rith  O.B^  C,  20:5  Cr,  12>  Ki,  4555  Co,  255  2o,  1.25  Sb,  and 
\  -or  tne  tinnuiacture  of  gas  ttirbine  rotor  vanes  by  casting  nethod,  since 
a  peruissible  straggling  of  the  properties  at  750  to  600°  is  obtained  in  this 
wiSiiiwes  are  also  uttlized  as  hard  facings  to  increase  the  sur¬ 
face  hardness  of  parts  of  heat-resistant  austenitic  steels.  Ecrever,  it  is 
no.  airays  possible  in  this  case  to  utilize  their  highest  hardness,  since  al¬ 
loys  nth  a  lorer  hardness  have  greater  corrosion  resistance  /see,  for  ezaaple, 

n2j. 

Alloys  uhich  have  a  nif^  danping  ratio  have  recently  1^0  been  found 
anong  the  cobalt-based  ferronagneti c  alleys.  As  nay  be  seen  fron  Figure  526 
given  earlier,  this  property  is  possessed  by  binary  cobalt  ailoys  uith  355  Si 
or  2C5  ?c  and  by  a  ternary  co'oait  alloy  *ith  265  ?e  and  75  Hi.  The  Co-Si  alloy 

I.  is  appare^tlj  precisely  on  the  basis  of  these  characteristics  that  t*«-e 
antnors  oi  /^2/  classify  alloy  16  cf  Table  96  also  anong  the  cobalt-ba^ed 
alloys. 
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heritrrcjincss.  ;::ivinc  a  relative- 


•  V  20*^^^  ''  *  •*  '""••2*''iJ*  — T^i  T*-  *  ITJiwiO  wO  2*  w£m2C^2^2X12”0  Oi 

arouna  aS'-^  ar.c  in  ahis  r«ra:.cca  it  is  oasicaiiy  suitable  as  a  naterial  for  the 
f.rst  sia^e  vanes  of  stean  turbines  chich  operate  at  suoh  Leaperatures- 

It  aust  be  acted  in  conclusion  that  the  fireproofness  of  a  steel  or  al¬ 
ley  of  the  sane  cot-position  aay  (fary  ■cicely  in  relation  to  the  aelting  con¬ 
ditions.  i'his  follo'cs  froa  .ecretical  considerations,  since  the  aelting 
aetned  aay  ha'.'e  a  great  effect  on  the  coapositicn  and  structure  of  the  bound¬ 
ary  la^/er  of  the  grain-  Thus,  for  esaaple,  auch  higheu  creep  resistance,  tiae 
to  fail'cre-  anc  plasticity  characteristics  at  failure  ■cere  obtained  /SiO^  'Kith, 
a  cnrcaiua-nicnci  austenitic  steel  of  the  I6-I5  and  I6-I6  type  containing  aio- 


bi^ia,  as  cell  as  -siih 


an 


Ley  of  type  1  in  Table  95*  these  being  neltea  in  a 


hi gh-f recuency  furnace  under  a  vacu-ua  {at  a  residual  pressure  loccr  than  O.i 
—  05) »  than  aith  the  sane  alloys  aclted  in  an  open  high-frequency  furnace. 

.-at  caoapie  of  substantial  increase  in  the  long-tera  strength  due  to  aelting 
in  vac-uo  for  a  nickel  based  alloy  {alloy  11  in  Table  96)  cas  given  in  Uigurs 
yl5-  Siailar  res-olts  acre  obtained  for  alloy  12,  Table  S&f  and  others  ^5S/. 

ilciting  in  vacuo  pemits  obtaining  nickel  and  cobalt-based  alloys  of  hi^ 
plasticity  at  hi^-ienperature  creep  rupture  cithout  the  use  of  deoxidation  by 
silicon  and  nanganese.  In  this  case  the  vacuun  nelts  contain  one-ei^th  to 
one-tenth  as  nuch  non-netallic  inpurities,  and  inpurities  of  snaller  size,  as 
in  the  conventional  alloys.  This  constitutes  an  additional  contribution 
touards  better  deforuability  of  ingots  in  the  hot  state,  ind  since  nickel  and 
cobalt-based  alloys  possess  poor  defomability,  this  circunstancc  is  of  very 
great  inportance  for  then.  At  the  present  tine,  the  nelting  of  a  nunber  of 
highly  fireproof  alloys  —  and  in  certain  cases  also  the  pouring  —  are  done 
in  vacuo  on  an  industrial  scale.  According  to  available  infemation  /cf-  85^, 
50  to  40  fims  in  the  oSi  either  are  already  nelting,  or  rill  in  the  near  fut¬ 
ure  begin  nelting,  fireproof  alloys  in  vacuo. 
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Isic-r.sive  re^search  of  alloys  basec  on  nig-h-neinin^  nebals,  as  'ireli  as 
t-f  ^r.,.  possibilities  of  utilising  co_sinations  of  netnls  and  ceranic  itaterials, 
is  being  ctns-ctec  in  all  countries  sith  the  ain  of  finding  naterials  possessed 
tf  especially  nigh  heat-resi 't^aice  for  brief  periods  of  service-  Discussion 
-.f  such  ailoj's  and  special  naterials  goes  beyond  the  scope  of  our  subject. 
Hence  «e  shall  Unit  ourselves  to  pointing  out  only  the  basic  trends  of  this 


research  and  the  problens  arising  in  it. 

aince  t  :  seizing  point  in  the  first  rou^  approxination  characterizes 
the  ihteratonic  bond  strength,  it  is  natural  to  expect  that  alloys  based  cn 
htgh-nelting  netals  should  possess  especially  high  heat-resistance.  Horever, 


LI  high-neiting  netals  and  thetr  alloys  are  hi^iiy  heat-resistant. 


idea  of  the  relative  fitness  of  such  netals  as  natrices  for  heat  resistant 
alloys  nay  be  gained  fron  Table  97  /752/.  Tne  stress  d"  causing  a  defomatios 
of  1>  in  24  hours  is  adopted  here  as  the  criterion  of  the  relative  creep  re¬ 
sistance.  The  ratio  of  the  value  of  cf  to  the  specific  gravity  is  an  im¬ 
portant  characteristic  for  such  articles  as  turbine  vanes,  in  vhich  a  con¬ 
siderable  portion  of  the  arising  stresses  is  caused  by  forces  of  inertia. 

These  stresses,  other  conditions  being  equal,  are,  therefore,  proportional  to 
the  specific  gravity  of  the  nateriai.  Cnnseqaently,  vith  identical  values  of 
the  stress  uhich  causes  a  desired  defersation  under  identical  service  condi¬ 
tions,  the  setter  nateriai  viil  be  the  one  vith  the  lover  specific  gravity, 
since  the  stress  in  it  vili  he  lover.  It  nay  be  seen  fren  Table  97  that  in 
nickel,  and  particuiariv  in  iron  and  cobalt,  a  desired  deformation  is  achieved 
under  these  test  conditions  rith  a  higher  stress  than  in  other  metals  vita 
hi^er  melting  points.  The  most  suitable  to  serve  as  possible  matrices  for 
alleys  vith  hi^  heat-resistance  are  chromium,  molybdesum,  tungsten,  tantalxm, 
miohim,  msdiut,  anc  inaium. 
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555*  Values  or  100— hour  long— 
xern  ultina^e  s^^engtfa  at  high^tea- 
neratures  of  an  alloy  of  Ti 

iji  coaoarison  tith  a  cobalt— cased 

alloy:  .  , 

'.  _  alloy  of  Al;  2  -  ^i-oio 

alloy  (17  in  Table  96);  5  -  alloy 
of  Ti  +  56%  A1  iffita  allo'sance  cade 
for  its  specific  gravity; 

(a)  stress^  kg/cc^;  (b)  Teepera- 
ture,  C- 


As  foilovs  froc  Table  97,  titaniua  is  little  suited  for  this  purpose. 
Horever,  a  recently  investigated  alloy  of  titaniua  vith  56^  Al,  as  nay  be 
seen  froa  Jig  re  555  3-^^  superior  to  the  cobalt-based  alloy  S-8I6 
-  (allov  17  in  Table  96)  at  teaperatures  u?  to  /^lOOO®  vita  respect  to  the 
IGO-hciir  uitiaate  stpeneth-  The  difference  is  especially  great  if  allorance 
is  cade  for  the  los  specific  gravity  of  the  titaniua  alloy  (curve  5  ia 
553).  5his  alloy  is  sufficiently  heatproof  at  1000°  and  the  introduction  of 
S  to  Tfi  Sb  into  i".  renters  it  corrosion  resistent  even  at  1200  for  ^cOO 
hours.  The  Ti  +  56^  Al  alloy  has  not  yet  been  pat  to  independent  use  due  to 
its  very  lov  plasticity  and  ductility  at  rooa  teeperature,  and  because  of  the 
fact  that  its  other  inporrant  properties  have  not  yet  been  studied;  hovever, 

— gy  verve  as  a  base  for  research  of  light  M  ghly  neat— resistan.  alloys. 

Chr»3iua-aased  alloys  vere  first  studied  fron  this  standpoint  over  10 
rears  ago  /55^.  A  large  sueber  of  binary  and  ternary  systens  based  on  chro..- 
iun  have  been  investigated  since  that  tine.  The  best  conbinations  of  stren^.h 
and  alasticity  in  tests  conducted  over  the  875  to  925°  range  have  thus  far 
been  found  in  alloys  containing  c0>  Cr,  1555  £0,  and  25$  ?e,  or  60$  Cr,  25$ 
and  15$  Jc.  Upon  transition  fron  the  first  conposition  to  the  second,  the 
-trengtn  rises  and  the  plasticity  drops  with  increasing  colybdenuc  contest 
and  decreasing  iron  content.  In  the  second  alloy,  the  losg-tem  ulttnate 
strength  at  870°  is  14  kg/cn^  aith  a  5$  elongation,  in  100  hours.  This 
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zo  a  case  cobalt-based  alloy  (19  In  !?able 


■Jr.e  oriaciaai  orobleas  Tor  chroaiua  alloys  consist  is  the  developt.on» 
c-  eTfiaiest  aethods  of  aeltiSQ  thea  asd  paiaaaily  is  lo'sensg  their  criwical 
sntt.esess  point,  and,  in  particalar,  in  obtaining  a  satisfactory  plasticity 
asc  iaaact  cnctility  at  rooa  teaperatare.  Consiceraale  success  has  been  ac- 
r.ieved  in  the  solution  of  tse  first  crohlen  _^(cft  t?he  causes  and  nethods 

of  losering  the  brittleness  of  chroaiun  and  its  alloys  have  also  been  studied  - 
in  a  nuaber  of  rorhs  ^ef.  115»  757*  et  al^.  nevertheless,  tcere  is  still 
no  unified  vien  as  to  the  cause  of  the  brittleness  of  chraaiua.  Soae  hold 
oxygen  to  be  responsible  for  the  brittleness,  uhile  others  believe  it  to  be 
n.trogen,  vhich  foms  a  solid  solution  vith  chrosiun.  It  is  aost  probable 
that  brittleness  is  intensifed  by  oxygen,  as  veil  as  by  nitrogen,  and  carbon, 
but  that  nitrogen  ahe  greatest  effect'*'.  Sence  it  is  recoaaended  that  the 
aelting  of  chroaiua  alloys  be  conducted  under  conditions  vhich  prevent  or  re— 
cuce  the  possibility  of  their  absorbing  nitrogen,  oxjgen  and  carbon,  liany 
aetallic  eleaents  in  chroaiun,  such  as  alnninua,  copper,  nickel,  nanganese, 
cobalt,  and  iron  (in  the  order  of  dininishing  extent  of  influence)  also  ele¬ 
vate  its  critical  brittleness  point.  Sven  vith  tbe  purest  chroaiun,  obtained 
by  the  iodide  aelh->l,  the  crllical  brittleness  point  is  still  far  above  roon 

Shere  is  still  little  infornation  in  the  literature  ccnceming  the  cot- 
position  and  treatnent  of  alloys  based  on  nolybdenun.  It  is  to  be  seen  fren 
the  coaparison  shown  in  Figure  55^  7pl»  31^  that  with  respect  to  the 

iOCO-hour  iong-tera  strength  nolybdenun  alloys  are  far  superior  at  tenpcratures 
of  850  to  1000°  to  alloys  based  on  cobalt  (alloy  £}  and  nay  be  used  in  service 


"Cf.  2.  5.  Fountain  and  H.  Zorebynsky.  loumal  of  Petals,  r.  9,  1557,  So.  7, 
a.  9=6. 
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r2i.ci“S.-u2^£s  u'^  aluCt  «  CziQ  of  cis£dv£ii-as^s  zoivaodnun*  — 
r&£sor-  no-ou  ribov^j  is  i^s  qtqzxqt  soecific  ^rsvi^y  wnszi  whose  of  nickel  and 
ccbai;  £lioYc.  ?hi£  cisadYsnia^e  is  inhere'"  wO  a.  “ach  greaier  exren;  ia 
tunssiea.  The  deri'.'arion  of  pare  roivodeaua,  as  reli  as  ihe  aelhods  of  aelo- 
ir.£  and  ceforair.c  aoiyodeata  aliovs,  cause  ao  especially  serious  difficulties. 
The  principal  prooleas  for  aoiyadeaur.  and  f>ia£iStea  alloys  are  due  to  tae  lact 


that  they  (just  as  chrosiu.-  alloys)  have  a  hieh  sold  shortness  and,  chief ry, 
iox  resistance  to  oxidation  at  terperatures  above  600^.  Above  750**  oxides 
cf  uolybden'or  are  hiealy  volatile  and  can  play  nc  protective  role.  Insofar 
as  =ay  be  judsed  fror  technical  and  patent  litercture,  intensive  vork  is  be- 
in^  oarraeo  on  toward  solution  of  these  problens.  In  particular,  search  for 
surface  ioatinss  and  plating  nethocs  has  been  conducted  for  a  nuaber  of  years, 
srith  the  ais  of  increasing  the  corrosion  resistance  of  solybdenun.  COating 
(75  ^  )  consisting  af  Mo  or  plating  (*5  ^  )  »ith  liichrone  (80io  Si  +  20$  Sr) 
has  thus  far  been  found  to  be  the  nost  effective. 


Much  success  has  been  achieved  in  recent  years  in  the  development  and 
application  of  various  highly  heatproof  aateriais  based  on  carbides^  borides, 
nitrides,  oilioides,  alusinides,  sad  oxides.  Hence  the  fcllouing  axe  appar¬ 
ently  of  the  gredtest  ihterest:  titnaiua  carbides  »ith  as.  edraxture  of  tenta- 
lus  carbides,  niobius  or  chronius,  zirconisn  carbides,  iitanius  and  chrosiua, 
nolybden.us  and  titanius  silicides,  uSd  others.  To  reduce  the  brittleness,  to 
isorease  the  resistance  to  abrt  p  asperatux../  changes,  etc.,  povders  cf  tbeso 
saterials  are  nixed  xitb  po»d:-  --  cf  various  cetols,  chiefly  nickel,  cobalt, 
chroniun,  and  their  alloys,  in  a  *iefinitD  ratio.  Hence  they  hre  temed  netanics 
or  cemets.  Soae  infomatjon  on  the  cethCis  of  naaafacturt  and  the  properties 
Oi  toe  oemets  say  be  found  is  the  literature  /?59,  75^,  755,  75^.  The  values 
cf  the  iOO-heur  long-tesm  strength  at  high  tenpehatures-  are  shovn  is  Figure 
55^  for  txo  cemets  based  on  titanius  carbides.  ShovB-ix  the  sane  figure  is 
the  long-tem  Strength  at  950°  of  a  cem«t  based  on  chroarun  boride,  nickel 


OC.3 


sil^-cidsc. 
.ir.idec,  is  i 
;  cf  Che  cers 
cooled  sator 
cpecio^  xe-Ce 
iron  converst 


.  complex  x£^^i.x  cossi.scir.g  of  carbides  and  bor:.des. 

The  cerxoi  based  on  xhe  aluninides,  particularly  the  nickel 
aterestine  for  the  face  that  it  possesses  the  icrest  brittie- 
;ets,  but  its  long-tem  strength  is  still  relatively  low.  Por¬ 
tals,  for  turbine  vanes  for  exsnple,  nay  be  classified  anong 
~'-£-ls,  even  if  they  are  nanufactured  by  powder  aetallurgy  seth- 
ional  alloys-  Other  special  saterials  are  also  being  developed 


nanufactured  by  the  pesdar  netallurgy  nethod  and  which  have  a  basic 


mSS  c 


1  ijotal  scren^chened  by  disperse  parzicles 


such  as  Al-ilgOjCSiP), 


'«2.-Al20j»  Xo-^iOj,  3e-3e2C,  ate.  Such  saterials  have  a  rach  higher 
<^*ictaiity  than  the  conventional  cemets. 


Pigure  554.  Conparison  of  values  of  1000-hoar  long-ters 
strength  at  various  tesaeratures  for  alloys  based  on 
sc-ybdenun,  enrosius,  and.  cobalt,  aud  for  certain  oer— 
nets: 

1  -  eonnercially  pare  Ho;  2  -  alloy  of  Eo  with 
0,5  7i;  5  -  60g  Cr,  25»  Ho,  ly^  ?e;  4  -  6055  SiC  + 

52^  Si,  eg  Cr;  5  -  50g  SiC  +  5055  Si,  lOlg  Co,  lOg  Cr; 

6  -  O.yg  C,  255  Cr,  1055  Si,  ySf  Co,  855  7  -  555  ?ic  + 

1855  5x3,  +  Ug  Co,  lOg  Si;  8  -  chroniua  boride  +  setal; 

9  -  ^cSel  aluninide; 

(a)  1000-noar  long-tem  strength,  kg/ss^; 

(b)  teaperature,  ®c. 

See,  ior  ezanpxe,  S.  J.  Grant  and  0.  Preston.  Journal  of  Eetels,  v.  9,  1957 


/  • 


Siesis  of  “r-is  'iype,  ia  adci'rios  1.0  corrosics  resistance  ia  given  neciat 
aast  also  possess  varioas  other  properties.  Shey-  are  esployed  the  nost  fre- 
qaer.tiy  I'or  the  parts  oi  varicus  rachir.es  arc  devices.  Hence  they  anst  also 
possess  s'lriicientiy  high  nechaaical  properties.  If  such  steel  is  intended 
fsr  the  aasufacturc  of  rustproof  tools,  it  rust  have  a  hi^  hardness  and  wear 
reslstar.ee.  Stainless  and  acid-resistant  steels  are  also  -idely  used  as 
tj'.emally  staole  and  heat-resistant  steels.  They  were  discussed  frsn  this 
standpoint  in  the  preceding  chapter.  Finally,  it  is  required  that  stainless 
•  aqia-resi slant  steels,  as  the  najority  of  steels  for  other  purposes,  have 

goot  or  saticfactory  technological  properties:  sachinability  oj  cutting,  de- 
fcmaoicilty  in  the  hot  and  cold  states,  aeldacility,  etc. 

1.  BihIC  PHI5CIPL2S  0?  CHSiTISC  C02H0SI0K-2SSI£TiHT  S?HELS.  iH3  ALLOTS 

A  nunher  of  special  vorks  ^85,  489,  488,  778,  et  &x^  have  teen  devoted 
to  questions  01  toe  theory  of  corrosion,  we  shall  thus  touch  only  unon  the 
basic  principles,  a  knoxiedge  of  vhich  is  essential  for  elucidation  of  the 
r.ature  of  the  effect  of  alloying  eienents  and  the  structure  of  an  alloy,  rhich 
siivct  in  turn  detemines  the  neans  of  creating  coxxosion-resistant  steels  and 
alloys,  chiefly  ferrous  ones. 

A  =1  stir.ction  is  nads  hatree-.  ebenioal  and  electrochenical  corrosion. 

^  case  of  chenical  corrosion,  in  uhich  the  netal  or  alloy  inter¬ 

acts  directly  xitb  the  nediuu,  is  gas  corrosion  at  high  tenperatures,  chich 
detemines  the  degree  of  corresien  resistance  of  the  steel  or  alloy.  Steel 
is  also  subjected  tc  chenical  corrosion  in  pore,  dry  air.  The  latter  case, 
no-eve. ,  is  ei.rene'*y  rare.  j,n  reality,  air  usually  contains  various  insur— 
ities  and  nristure.  Hence  atnospheric  corrosion  is,  as  a  rule,  a  variety  of 
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6lectroch<i:LiCil  c&"osio.‘.,  rhici.  ir.cliiass  the  —ajoritj  er  tae  aost  istportsa- 
-oras  ti"  cirrostoa  “ita  -hich  it  is  necessary  to  deal  rhen  steel  coz-es  la  coa- 
taot  sith  the  eolations  ot  cii’i'eTent  acids,  alkalis,  and  a  atmeer  or  cthen 
1 ionic  aedia. 

or  the  varied  types  oi  corrosion  attach  ca  aetals  and  alleys,  tae  sost 
tinravoraile  is  Itcal  icrrosicn,  thich.  inclttdss  spot  corrosion  ^orrosiya 
tyataai.^'',  pittir-s  corrosic”  ^ochechnaya  horrosiy^,  and  intercrystaiiinc 
aorrosion.  Intercrystailiae  corrosion  is  especially  daago-o®s,  since  a  sharp 
ceteri oration  oi  the  aeshanical  properties  oi  the  alloy  is  observed  at  the 


sane  tine  in  tnis  case. 


in  cne-.-cai  corrosio 


;n  a  liln  is  fomed  on  the  stirrace  of  the  netal  vhich 


'  ander  certain  conditicas  nay  play  a  protective  role  ispecing  farther  con¬ 
tact  hetrsen  the  netal  and  the  nediun.  In  a  particular  case  of  oxidizing 
processes,  but  the  one  ihich  is  tha  nost  isportent  for  practical  application, 
the  fiiz  foming  on  the  surface  of  the  netal  or  alloy  consists  of  oxides  of 
the  netal  or  various  conponents  of  the  alloy.  2.t  roon  tesperatare  the  rate 
of  diffusion  of  the  o:^£en  fron  the  nedian  through  the  oxide  fils,  as  xeii  as 
that  cf  the  atens  of  the  netal  or  alloy  cosponents  in  the  epposite  direction, 
is  negligibly  ion.  Hence  the  thickness  of  the  protective  filn  under  these 

conditions  is  extrenely  snail  and  ranges  for  various  active  setals  (a1,  ?e, 

o 

‘Cr,  Si,  et  ai.)  fron  20  to  50  1.  According  to  sone  sets  of  data,  the  fila 

o 

thickness  os  acid-resistant  steel  is  10  to  yO  A,  and  according  to  others  it 
nay  be  nach  greater,  depending  on  the  qaality  of  surface  polishing*  In  all 
cases  the  oxide  filn  is  colorless  and  transparent,  bat  due  to  the  absence  of 
diffusion  it  nsy  have  a  protective  effect  even  at  such  snail  thicknesses,  if 
it  posses?es  adecuate  density  and  resistance  to  the  action  of  the  nediun  in 


cuastion. 


A  protective  layer  is  also  fomed  on  a  sanber  of  netals  such  as  iron, 
nickel,  cobalt,  chroniun,  end  others  uhen  they  are  acted  on  cs  certain 
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oxic:^.is.  ?i.is  xo  z'cs—  £.  hi^  chaxic£.i  xssxscsuce  zo  zhs  very  ss->e 

crictxis  over  a  vide  r£X(re  cf  caxccr.xraoioas  of  ihe  laooer.  ?ais  eiiect, 
rhicr.  ia  oerxc-c  oassivaoicx  o:*  aevals,  is  =osv  ortei:  sccoxoasied  ay  iacrease 
is  iheir  eieso.  rde  poic-nrial-  Is  cerssis  secais  sacs  as  ebresias,  tse  eiec- 
-rode  soiesxial  hereapos  aecosfes  ~-osi»ive  is  place  of  negative  asd  close  in 
vaiae  zc  tr.a  ozidaiios-redaccics  pocestial  of  abe  sedius.  Hence  taese  set- 

als  are.  20  ic  speak,  eras _ 'orsed  frea  base  setals  ince  noble  sexals  ior 

defisice  c<.sdicic-ss.  ?se  cesdescy  of  one  corresposdisg  seaals  xo  develop 
passivicy  is  preserved  sc  one  eitens  or  anosaer  even  vsen  Shey  fom  pars  of 
ailoys- 

fhe  nasara  of  sbe  arsificial  prosecsive  layer  abich  foms  on  ssSals 
vpos  passivation  bas  not  as  yet  been  fully  ascertained.  .According  to  the 
hypothesis  cf  Faraday  asd  the  theory  developed  by  Academician  ?.  A. 
Histyakovskiy,  this  protective  layer  also  represents  a  very  thin  oxide 
fils.  According  to  another  theory,  the  o:^gen  adsorbed  by  the  surface  lay¬ 
er  cf  the  metal  has  a  catalytic  protective  effect.  Even  metals  and  alloys 
thick  do  not  form  oxides  under  these  conditions,  such  as  platinum  in  a  sol- 
uticn  of  hydrochloric  acid  /?S^,  may  become  passive  according  to  the  second 
mechanism,  "here  is  still  disagreement  among  the  experimental  data  for  cer¬ 
tain  metals  and  alloys.  In  particular,  electron  diffraction  studies  Ull’Q 
havo  shotn  for  iron  that  am  oxide  film  is  formed  on  it  upon  passivation 
thich  consists  of  extremely  fine  s;mall  crystals  of  cubic  ^-EejO-.  mat 
the  opinion  has  also  bees  advanced  that  this  cxice  film  is  in  the  amorphous 
state.  Studies  by  t.ie  conductivity  method  /781/,  om  the  other  hand,  indicate 
that  the  passive  state  of  iron  is  due  to  the  formation  on  its  surface  of  a 
very  fine  and  unstable  adsorbed  layer  of  oo^gem.  Bata  are  available  for 
stainless  chromium  steels  justifying  the  assumption  that  the  basic  reason 
for  their  stability  im  oiidiming  media  is  also  the  formation  of  an  adsorbed 
layer  of  oxyse^i  VeCo/ .  It  has  been  shosn  in  ercther  paper  JjsQ  that  there 
is  an  oxide  film  on  passive  stainless  steel,  has  the  hTPOt^iesis  is  advanced 
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of  ihe  si=ui;a:iecu.£  presei.ce  os  iiS'.cer  £ha  fils  ssd  is  ihe  pores)  of  as 
acsorcec  — ayer  of  czy^vs  as  Zr  is  so£  a  sues^ios  sere  ^-f  **sea^” 

psys-Oi^  -csorpsios,  bsi  of  chesical  sorpoics,  deep  isplasraoioa  of  £he  oxy- 
rs  ohe  seoal.  ^.is  sypcoaesis  is  ohe  sosr  probable  ose  for  sasy  cases 
ar.a  xs  t^isii.f  xscreasisgly  isaer  aoceprasce  ar  the  presesd  rise 

--  -s  precisely  by  a  ccsbisaxios  of  phase  asd  adsorption  filss 
tsat  one  can  expiais  the  s«.  i  sisply  the  hi£^  stability  of  the  passive  state 
oi  stainless  steels,  -rhich  distisgaishes  then  fros  iron,  despite  the  fact 
tnicssess  of  the  protective  filn  os  stainless  steels  and  iron  is 
practically  the  sane. 

t?ne  co—positios  and  structure,  and  hence  the  protective  properties  as 
o  once  filn  »hich  foms  in  air  and  in  oiidisins  nedia  on  the 
surface  of  alloys  depends  ca  the  conpositicn  of  the  alloys.  On  ehroniun 
steel  tne  filn  is  enriched  uith  cisroniun  oxide.  Only  chrcniun  oxide  vas 
fv^und,  in  addition  to  ferric  oxide,  in  the  filn  of  a  steel  containing  I85S  Cr 
and  fits  5i,  its  quantity  varying  over  a  ride  range  and  reaching  SOS.  55?^ 
-®2®5’  CrOg  and  12%  IIoO_  rere  foitnd  in  the  isolated  filn  of  the  sane 
steer  containing  nolybdenun.  Sickel  oxides  rere  absent  fron  the  fils  in 
arr  cases,  a.  lira  enriched  rith  chronius  oxides,  apparently  in  ccabiaatior 
ntfl  an  acsorpticn  raver,  inparts  the  best  protective  pronerties  to  ferrous 


corrosion  ct  nstals  and  alloys,  rhich  occurs  in  solu¬ 
tions,  IS  a  process  of  electrocfaenicai  oxidation,  i.  e.,  oxidation  acconpanie 
by  disruption  of  the  electric  n^trality  and  by  the  occurrence  of  a  potential 
yun?  on  the  setnl-solution  boundary.  Ions  of  the  netal  partially  siigrate 
iron  the  crystal  lattice  into  the  liquid  phase,  since  this  leads  to  redaction 
of  tne  free  energy  of  the  systen.  ?he  values  of  the  nomai  or  standard  eiec- 
troue  potential,  rrich  is  the  equiiibrins  potential  of  a  setal  rhen  the  acti¬ 
ng  of  its  oun  ions  in  soiutica  equals  nni^,  nay  serve  as  a  relative  char- 
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'  -h=  coasixe  is  fr4.-e  erer^-  upon  ^ie  oxicatior.  of  various  aefais 
'aeir  ohcracuyaasia  stability  as  reii.  Table  101  _/197»  77^ 
tain  ae^als  the  values  of  zhe  saasdard  potential  according  to 
series  thereby  the  potential  of  the  hydrogen  electrode  is  taken 
netals  tending  tcrard  passivation,  the  potentials  correspond 


inear  active  state* 


^ne  process  of  oxidation  of  the  netai  should  cease  upon  achievenent 
of  the  ec_ilibriun  potential,  uhich  corresponds  to  the  free  energy  ni ninun  of 
the  systen.  Hovever,  the  ecuilibrius:  potential  is  not  reached,  and  the  pro¬ 
cess  of  elactrochenical  corrosion  continues  if  a  reduction  or  cathodic  pro¬ 
cess  (outhode  cepolarinaticn)  occurs  sisultaneously  «itt  the  oxidizing  or  an- 
caic  process.  The  cathodic  process  nay  consist  in  the  reduction  of  naay  sub¬ 
stances  /cf.  773,  Table  particularly  cf  the  ions  of  another  netai  or  of 
oxygen  contained  in  the  solution.  A  necessary  condition  for  this  is  nega¬ 
tive  total  change  in  the  free  energy  of  the  systen,  i.e.,  the  reduced  netai 
nust  have  a  more  positive  equilisriun  potential  than  the  dissolved  netai  (in 
the  case  of  a  reduction  process,  the  potential  sign  should  be  ‘taken  shich  is 
opposite  that  given  in  Table  ill  for  the  oxidation  process),  in  the  nost  ia- 
portant  particular  case,  oxidation,  such  as  of  iron  and  its  alloys,  occurs 
through  the  reduction  of  hydrogen  ions: 


2H‘^-r2e-*H^ 


In  exanlnation  of  the  nechanisn  and  kinetics  of  the  process  of  electro— 
chenical  corrosion,  the  theory  of  nicroelenents  developed  in  the  Soviet  Cnioa 
sy  one  ccncol  of  S.  Akiaov  ^G5,  ??5,  et  al^^  proceeds  fron  the  fact  that 
the  anozic  and  cathodic  processes  are  localized  in  individual  nicroscctions 
(the  hetercgeneous-eiectrcchenicai  nechanisn).  According  to  this  theory, 
the  surface  of  a  natal  or  alley  acquires  nnlike  potentials  at  all  its  points 


ilOL- 


555A  (5) 


150 


iui 


clOTZJ^l  llec^roce  ?c-:iencials  o;  C^r^air.  l.e^ai3 
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n  I  -.-  i  reac^ioa  v 


r=ac;i^,a 
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1  O.03C 
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-l.Si 
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(i  — Ca  ^-r'-V  j 
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-i"  If  ' 

'  -1-a 
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Cr— -rV 

*  •  *  j 

2Hs  — i»2,-r2f  j 

[  -i-0.7c9 

Fe  —  -r2f 

— ii.i-SO 

I  -i-o.799 

Cd  — 03-'  -f  2^ 

— o.-;o3 

HE-ng++-f2f  j 

j  -rO.SSI 

Co  — 

—0.277 

Pd— PS*  j 

-i-o.OST 

Xi  — -r2f 

— a.2S0 

PS-Pl++-j-2« 

.’-'•o  — -r 

-  0.20 

Aa-oAa+++-i-3f 

-i-l.SO 

lipor.  coaiag  in  ccn^ac^  rith  a  iicaid  aediua,  under  uhe  influence  of  various 
z'aciors  such  as  nul^ipie-phase  structure  of  the  alloy,  inparities  and  stressed 
sections,  inhonoganeity  of  the  protective  filns  and  liquid  nediun,  etc.  Gal¬ 
vanic  nacrosocpie  or  nicroscopic  area  (elenents)  consequently  arise,  and  the 
anodic  sections  are  destroyed. 

Horever,  the  decisive  role  in  the  course  of  the  corrosion  process  is 
frequently  ascribed  erroneously  to  the  action  of  galvanic  elenents.  In  real¬ 
ity,  as  has  been  denonstrated  bt  a  nanber  of  sttiies  /7?^»  *be  origination  of 
galvanic  elenents  is  only  one  of  the  possible  vays  of  transition  of  a  Sjrstexs 
to  a  themodynanicaily  stabler  state,  xhich  transition  is  norc  advantageous 
fron  the  standpoint  of  energy  and  leads  to  further  acceleration  of  the  cor¬ 
rosion  process.  Moreover,  as  denonstrated  by  A.  I.  Shultin  ^26,  7S^,  the 
corrosion  process  nay  tahe  place  even  uhen  the  potential  is  fully  identical 
at  ail  points  of  the  surface  of  the  netal.  ?he  presence  in  the  netal  or  al¬ 
loy  of  cathodic  sections,  on  the  other  hand,  cay  accelerate  the  process  be¬ 
cause  of  the  fact  that  in  these  sections  the  activation  energy  of  hydrogen 
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:-recipi^^i^io=.  is  loser,  or,  rha^  is  ^he  sa:ie  ^hing,  ihe  overvoltage  of  the 
hysrcger.  recuotior.  reaction  is  lorer.  The  hydrogen  overvoltage,  other  con- 
aitior.s  being  equal,  depends  on  the  nature  of  the  netal  ^197*  SoJ^  and  is 
related,  in  particular,  to  its  ability  to  absorb  oxygen. 

The  role  of  the  resistance  factor  in  the  rate  of  progress  ol  tee  cor¬ 
rosion  nrocess  in  ooeration  of  the  nicroelenents  in  electroljTtes  as  at  any 

rat's-  -.•ery  snail.  But  the  rc _ :  of  the  resistance  factor  is  considered  to  be 

sutstantial  under  conditions  of  fomation  of  nacroelenents  calcula¬ 

tion  carried  out  by  A.  1.  Shultin  /7S^,  on  the  other  hand,  has  shorn  that 
a'-.A  -rnl  s-  nf  The  obsic  resistance  of  a  solution,  even  assuning  considerable 
localisation  of  the  anodic  and  cathodic  processes,  is  very  snail:  the*?£inetic 
reight"  of  this  factor  is  less  than  ten  percent.  Hence  to  describe  the  pro¬ 
cess  of  corrosion  and  its  kinetics,  use  nay  be  nade  only  of  polarization 
curves  rhich  reflect  the  role  of  the  detemining  factors  of  the  process. 


As  an  illustration,  rhich  re  shall  require  futher  on,  Figure  553  (joQ 
gives  diagrans  of  polarisation  curves  (depicted  ty  straight  lines  for  the 
sase  of  sinpiification)  for  the  case  of  corrosion  of  tro-phas'e  alloys.  The 
ecuiiibriun  potentials  striving  to  establish  thenselves  in  the  electrolyte 
in  question  on  each  phase  are  and  ^2*  lines  1  and  2  shor  the 

change  in  the  anode  current  for  each  of  the  phases.  The  line  of  the  cathode 
currents  5  starts  fras  the  point  corresponding  to  the  equilibriun  oxidation- 
reduction  potential  of  the  solution  If  the  overvoltage  of  the  reduc¬ 
tion  reaction  is  the  sane,  the  stationary  potential  established  in 

the  systen  (Fig-  55da}.  Phase  1  sill  hereupon  cerrade  at  the  rate  «  i2» 
chile  phase  2  is  cathode  polarized  (  ^  ^*  ^  viil  uot  corrode.  If 

the  overvoltage  of  the  reduction  on  phase  2  is  snaller  than  on  phase  1  and 
is  represented  by  line  4,  vhich  starts  fron  the  sane  point,  the  sta¬ 
tionary  sotentiai  is  established.  The  rate  of  ccrrosion  of  tne  first 

anase  ciil  hereuton  rise  and  -sill  be  aronortional  to  i_  «  i.  +  i,,  sat  the 

-  -  3*5 
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Lrure  553.  Biagrans  of  polarisation  curves  for  the  case 


of  corrosion  oi 


(a) 


rj.p-iase  al-LOjs. 


Ljitjr: 


of  Figure  553a  corresponds  to  the  case  in  Thich  the  anode 


as  reiJ 


L'cated  over  both  phases  of  the  corroding  alley.  As 


re  558s 


here  shoss  the  total  cathode  currents  and  line  6  the 


:;oce  currents. 


Ls  case  the  stationary  potential 


st> 


vnreo 


corresponcs  to  the  current  ecsatls: 


+  1. 


¥iil  be  established 


systea.  Sath  phases  of  the  alloy  sill  hereupon  fail;  phase  1  at 
:e  and  phase  2  at  the  rate  i  ,  current  i.  of  the  total  cathode  cur- 


failing  to  phase  2  and  cu 


to  nhase  1. 


roa  tne  stanenoa: 


treation  of  ailovs-rhich 


leciua  o: 


a  very  inpartant  part  is  played  iy  aaiiliary  processes 


cause  tne 


te  OI 


corrosion  process  to  decrease,  or  inversely  in 


ce; 


2  cases  to  increase,  in  coaparison  eith  the  rate  dcteruincd  by  the 
tation  curves  in  Figure  558.  Sunerous  studies  shoe  that  these  nro- 


cesses 


le  I  or 


ted  to  the  foraation  or  destructioa  of  the  passivating  file 
tion  of  a  difficulty  scluble  dense  layer  of  corrosion  nro- 
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Tr.e  i&sciviii.r.j:  ^he  ci*  shich  ras  discussed  earlier,  slows 

Cwxn  c&rrcsioa  chiefly  ir-rcu;;h  racsrua^icn  of  ohe  anodic  process,  by  prevent- 


sassase  o;  cne  aons  oi  tne  nee 


into  solution-  Such  a  filn  is  famed  on 


a  r.unbcr  of  _e-als  and  alloys  in  oxidising  nedia,  for  exanple,  in  concentrated 
soiueions  of  sulfuric  acid  or  in  solutions  of  nitric  acid,  etc.  However,  tne 
c^rresien  rate  rises  sharply  with  high  concentrations  of  nttrtc  acxd.  2his 
tr.encner.on,  which  has  been  given  the  designation  “overpassivation",  nas  been 
observed  on  carbon  and  chrenian— silicon  steel,  on  chronius,  on  stainless 
steels,  and  in  varicus  nedia.  «7e  shall  not  deal  with  the  assuned  causes  of 
overpassivatisn;  it  is  discussed  in  special  literature  /e65,  865,  776/- 

The  great  acceleration  of  the  process  of  steel  corrosion  is  caused  ly 
the  presence  in  the  solution  of  halide  ions,  particularly  chlorine  ions,  such 
as  fom  upon  the  audition  of  hydrochloric  acid  to  nitric  acid,  in  the  corro¬ 
sion  of  steel  in  sea  water,  etc.  Shis  is  ascribed  48677  -o  dispiaccnent  of 
oaygen  fron  the  double  electric  layer  at  the  surface  of  the  netal  and  to  de¬ 
struction  of  the  passivating  filn.  The  chlorine  ion  is  also  greatly  activated 
by  solution  of  chronius  in  suiihric  acid.  However,  the  introduction  of  a  cer¬ 
tain  mount  of  chlorine  ions  into  sulfuric  acid  in  a  nanber  of  instances  not 
only  coes  not  accelerate,  but  on  the  contrary  greatly  retards,  the  process  of 
corrosion,  especially  of  chroaiun-nichcl  steels  of  the  25-20  and  18-8  types 

and  of  chronius  steels  containing  un  to  17^  Cr.  The  corrosion  of  chronius 

*  ♦ 

steel  containing  2755  Cr,  on  the  ether  hand,  is  greatly  intensified  in  this 
case  /56^. 

The  processes  which  affect  the  solution  of  setals  also  include  the  dif¬ 
ference  effect.  It  consists  in  the  fact  that  the  rate  of  sclf-salution  de¬ 
creases  in  sene  cases  (positive  difference  effect),  and  increases  is  others 
(negative  difference  effect]^  with  increasing  anodic  polarinati on.  The  nega¬ 
tive  differencfe  effect  was  observed  previously  only  with  respect  to 
and  nagnesiun  alloys,  bat  has  recently  been  established  also  /e6^  for 
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s^esi  ir.  ^olu^icns  scnx.ir.i.-.j  chisrlr.e  icns;  £.nd  Tor  -he  first.  ti=e 
it  ras  rfct;ist5rc-ii  ia  the  or-'jreas  cf  the  corrosion  process  as  a  result  of 
onyron  cepolarina'-isn.  It  ran  aenonstrated  in  tr-is  case  that  destruction  of 
the  passive  filn,  rhi.'ih  in  restored  rhen  the  enodic  polarisation  is  renoved* 
tales  place  ir.  solutions  containinj;  chlorine  ions.  Horever,  this  affsct  is 
of  less  inpcrtance  for  the  process  of  corrosion  of  stainless  steels  than  it 
is  :  ir  aluninun  and  aasneci  a  alOLoys. 

rhus,  it  foiions  fron  the  forecoin^;  discussion,  and  particularly  fron 


--o'— = 


to  obtain  corrosicn-iesistant  steels  it  i 


3  necessary  to  al- 


men  are  capasle  of  raising  its  chcnical  ctanility  by  increasing  the 
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loy  tne  steels  rith  such  elenents  as  fom  solid  solutions  rita  iron  and  uhich 
thenselves  possess  high  chenical  stability  in  a  given  nediun,  either  because  : 

toey  have  a  positive  electrode  potential  (?abie  101),  i.e.,  are  themodynanic- 
ally  stable,  or  because  they  tend  tosard  passivation  in  this  nediun-  Tha  nost 
inpertant  of  the  aiicying  elenents  rhich  ceet  this  recuirenent,  for  the  case 
involving  the  action  of  oxidising  nedia,  is  chror-iun.  rnich  acquires  a  posi- 
ti'.'e  potential  as  a  result  of  passivation.  Hence  chroniun  is  introduced  into 
the  najoritv  of  corrosion- resistant  steels.  On  the  other  hand,  in  order  to 
inpart  to  steel  a  chenical  resistance  to  the  action  of  non-oxidising  nedia, 
uhen  passivation  cannot  be  utilised,  it  is  necessary  to  alloy  the  steel  rith 
elenents  rhich  are  themocynanl cally  stable  in  these  nedia.  In  the  case  of 
action  of  dilute  sulfuric  acid,  such  elenents  are,  for  exaspls,  nickel  and 
arlrcon.  Certain  other  elenents  rill  be  dealt  rith  further  in  the  discussion. 

?he  alloying  of  steel  rith  elenents  rhich  •'ontribute  to  the  fomation  on 
the  surface  of  a  difficulty  soluble  and  dense  layer  of  corrosion  products  ex¬ 
erts  a  s.:agct  effect  and  is  utilised  chiefly  to  achieve  a  certain  increase  in 
tne  reststance  to  atnospheric  corrosion,  is  an  exanple  we  nay  cite  the  intro—  ~- 
cuction  of  copper  into  ioa-alloy  structural  steels  (^^ssia^  p.  580).  little 
stuay  nas  as  yet  seen  devoted  to  the  possicilities  of  alloying  steel  rith 
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overvoltage  of  the  hyarojjer.  reduction  renctiun. 

'rhe  anount  ot'  the  niloyino  elenent  dissolvins  -iie  i-O"  rhioh  rrast  be 
-r.trcduced  into  the  nteel  tc  intart  a  hi£ii  chenical  stability  to  it  ia  a  civen 
nediun  in  deteminea  basicallv  ty  the  triaciplc  esvaonshea  by  G-  S?amiaa 
nr.a  kn-^n  as  the  "n/S  sole  lar”. 

nobler  netal  is  adced  to  a  -ess  noble  cne  the  eirect  oi  the  Tomer  is  exerted 
intamittently  at  a  concentration  corresponding  to  n/S  nole,  i.  e.,  12.3;  23; 
37. 3i  3G  is  (atonic).  These  concentrations^  thich  Terras  calls  boundaries 
(or  thresholds) of  chenical  stability,  difier  not  only  in  diTferent  systens, 
but  nay  even  differ  in  the  sane  systen  ihen  acted  upon  by  different  aggressive 


The  existence  of  boundaries  of  chenical  stability  has  been  established 
in  a  large  nunber  of  alloys  consisting  of  solid  solutions,  but  deviations  froa 
tnis  principle  are  also  observed.  In  particular,  it  is  difficult  to  consider 
the  rise  in  c.’  enicai  stability  at  the  respective  boundaries  in  a  nuaber  of 
systens  as  iistemittent.  In  certain  niloy-nediua  ^stcns  the  first  boundary 
at  l/&-nole  concentration  is  scarcely  nani Tested  at  all.  One  nay  cite  as  an 
eianple  iron-silicon  alloys,  in  rhich  the  boundary  of  chenical  stability  in 
nitric  and  sulfdric  acids  corresponds  to  a  silicon  content  of  no  less  than 
2/b  sole  (l4-5j?).  Although  the  boundary  is  nani Tested  at  l/S  nole  in  other 


systens,  it  is  relatively  fain 


ius,  the  staox— — ty  cf  tron— nxckel  alxoys 


in  solutions  of  sulilirie  acid  tn  a  csscentration  of  up  to  20$»,  as  is  to  be 
seen  fron  ?igure  559  ^687,  increases  appreciably  rith  a  content  of  i/8  cole 
(l5-5j»}  5i,  but  does  so  the  cost  abr»i?tly  vith  2/s  sole  (275>)  hi.  This  raises 
practical  difficulties,  rhich  in  the  examples  referred  to  accent  tc  the  neces¬ 
sity  of  alloying  the  steel  rith  a  large  asount  of  costly  nickel  and  tc  licit- 
ing  the  use  of  iron-silicon  alloys  strictly  to  cast  alloys,  rhich  coreover, 
ary;  very  brittle  and  trene  to  crack  foraation  (silicacus  cast  iron,  thcrcal 
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I*,  is  ^o  te  seen  as  ihe  sane  Mae  I'rca:  Figure  ;p9  -ha^  che  in¬ 
crease  in  s'.abiiiiy  a.c  Ifa  and  2/d  ncii  enn  only  arbitrarily  be  coasideren 


iniemittent.  1‘na  cane  is  true  ci  iron— silicon  alleys,  rerro chr oniaa  alloys 
in  nitric, acid  /cf-  Fig.  5^2),  and  others- 

There  are  several  explanations  or  tne  n/S  sole  principle.  The  explan¬ 
ation  given  by  Tannan  hinseli’  relates  this  effect  to  the  ordered  arraagenent 
of  the  atoas  in  the  solid  i*  ution  lattice.  Vfith  this  explanation  at  is  as¬ 
sumed  that  in  an  alloy  vith  a  concentration  of  n/8  sole  of  the  noble  conponent, 
planes  appear  chich  are  so  enriched  rith  its  atoss  that  the  destructive  ef¬ 
fect  of  the  neCiun  is  greatly  weakened  when  it  coxes  is  contact  iTith  the 
first  such  p_aae.  Hesever,  one  can  scarcely  expect  as  ordered  arrangeaent 
of  the  atoas  at  a  concentration  of  a/S  sole  of  the  added  elenent  in  all  S32- 
tens,  and  such  arrangeaent  is  not  confimed  by  the  change  in  atess*  other 
properties  rith  change  in  the  coneentration  and  by  A-ray  diffraction  analy¬ 
sis.  This  '^■ay  to  a  certain  extent  expioin  the  obseived  deviations  iros  the 
principle,  as  rail  as  the  circiutstance  that  in  a  naxber  of  systess  the  in¬ 
crease  in  stability  at  the  corresponding  boundaries  tsay  only  arbitrarily  be 
considered  intorxittent.  On  the  other  hand,  even  the  insufficiently  pronounced 
-u-p  in  chexical  stability  at  the  boundaries,  and  the  very  deviations  froa 
the  principle,  can  scarcely  be  explained  if  one  proceeds  froa  an  entirely 
statistical  arrangeaent  of  the  atoas  of  the  dissolved  edaponent  in  the  solid 


solution. 

The  principle  and  the  observed  deviations  froa  it  could  have  been  as¬ 
cribed  to  the  fact  that  at  the  initial  aoaent  the  process  of  corrosion  pro- 
ceeus  selectively  and  that  this  leads  to  enrichaent  of  the  surface  planes 
of  the  alley  uitn  atoas  of  the  protecting  eieaent.  Bat  evfn  such  an  hypo¬ 
thesis  as  this  is  not  aluays  confimed  by  experiaent,  for  exaaple,  in  a 
lead-aercury  systea  ,^83/,  in  general  corrosion  of  ferrochroaiua  alloys 

j  etc.  Snrichsent  of  the  surface  layer  of  an  alloy  with  a  noble  ele- 
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r.c-V5.-ri--.tliss  :=c-r.  observe:  in  s.  r.uaber  :f  siucies  lo  the  soino  share 


9 


P  ^ 


:o>Ler-:;o-c,'  mis  is;: 


i'cr  consi Sled  only  or  ihe  atons 


•>:  1—^.  -<-iier.  i‘his  inori_ni  circunsm::co  a&y  be  ihe  resuli  of  seconcnry 
elccirx/ahe.-.lrai  excr.;mr2  beiseen  ihe  noble  end  base  conponents  of  the  alioy 
.Sec-  ^r.i;sji..n.'  ?.  612  end  ^'riTy'^. 

Ii  seens  ic  ns  ihai  in  esplai,.ins  the  boundaries  of  chenical  stability 
-ne  shcu-u  procfceu  iron  t.is  aocern  concepts  given  in  the  charier  dealing  sith 


meses  romed  by  elenents  in  steel  (/Russian/  p.  ~4).  According 


Lo  tnese 


r  t 

^  2o\- 
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Figure  555 •■  Corrosion  of  iron-nickel  alloys  in  sulfuric 
acid  at  6C  -  length  of  test  period  100  hours: 

i  -  2C  percent  H^SG^;  2  -  lO-percent;  5  -  5-per- 


2 

(a)  •reigiit  loss,  g/n  . 


ideas,  there  is  present  in  the  solid  solution  a  selective  adjacency  of  dis- 
siniiar  atons  thich  is  determined  by  their  chenical  interaction.  In  cotbina- 

tion  fith  the  "gecsetric"  factor,  this  pomits  the  atoat  of  the  noble  elenent  -- 

« 

then  it  is  contained  in  the  solid  solution  corresponding  to  the  stability 
boundary  —  t''  block  a  certain  group  of  atens  of  the  base  conponent  fren  the 
aggressive  action  of  the  given  nediun,  or  to  subject  then  to  the  influence 
of  the  passivating  fila.  It  is  probable  that  upon  the  reverse  dispiacenent 
of  atons  of  the  noble  elenent  fron  the  solution  and  rnrichnent  of  the  surface 
-ayer  rith  -hen,  me  principle  of  selective  adjacency,  wiich  is  detemised  by 
*he  c-senical  interaction  of  the  alons,  is  again  naintained.  tfith  such  an 
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r<,  =a:.icr.  of  z:.fc  str-icture  creates  ^ae  basic  trerequisiie  I'or 
•  ^.'.6  c&rrosicr.  resls^ance  o:'  as  alicy  as  csaparai  ■sirh  a  haaose^i- 

-oiic  ,'Oluiior..  Ir.  fac'.,  ia  iciiors  Troa  Figure  558  ^hat  ihe  presence 
ii  a  uc-c.r.u,  cathocio  paase  r.ay  acce_erace  corrosion  of  ahe  basic  aass  chroa^ 
*'•  -be  cvervoizagt  oi  t.he  cachoaic  reacaion  os  chis  phase  (lisas  4 
-r.a  5,.  Horevcr,  it  is  to  be  seen  -rca  this  sase  Figure  558  that  there  »ill 
te  no  such  effect  if  the  overvoltage  of  the  cathode  reaction  on  both  phases 
--  atpronina;  ly  the  sane  ‘^^lines  5)-  Alternatively,  this  effect  riii  be 
---  f'-t  if  t.'  4  difference  tn  the  values  of  the  overvoltage  on  both  phases  is 

the  inclination  of  line  4  differs  little  fron  the  inclination  of 
--nc  p  tsvard  the  il-a:cis.  Hence  the  widespread  concept  of  the  lexer  corrosion 
res:ii_nce  of  ne.ercgeneous  alloys  coes  not  always  agree  with  the  actual  state 
oi  atiatrs-  ,lt  any  rate  it  cannot  be  considered  to  be  a  rule,  as  this  has, 
in  fact,  been  noted  quite  sone  tine  ago 

h.  2.  fanashov  and  ethers  /7?6,  S6^  have  recerrtly  given  theoretical 
-tiai icn  to  tne  possibility  of  lowering  the  corrosion  rate  under  the  ef— 
--  iomation  of  cr  ancrease  in  cathodic  input  ^ties  in  an  alloy.  Accord¬ 
ing  to  tr.eir  nypotnesis,  the  presence  of  cathodic  inclusions  under  conditions 
favoring  the  estaalisineitt  of  a  passive  state  (when  the  anodic  phase  tends 
toxarc  passivation  and  there  are  no  activators  —  chlorine  ions  _  in  the  cor¬ 

rosive  neniun)  nay,  through  increase  in  the  anodic  polarisation  of  the  basic 
anoce  aacsgrounc  in  tne  structure,  cause  the  alloy  to  pass  into  a  stable 
passive  siate,  as  this  was  observed  by  then  upon  anodic  polarisation  through 
an  external  source  of  iigh:-  The  authors  support  their  theoretical  conclusions 
with  the  folic-ring  experinental  results-  Figure  poO  ^7q7  shows  the  great 
reaucticn  m  tne  rate  or  corrosion  of  lHhl5S9  steel  in  sulfuric  acid  of  various 
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zacncdic  ssnixiures":  piatis- 


s  pal.ad^an,  da  3^^  ars  das  podsadiais  oi  dasss 

adetlc  afdar  ccrrsaica  dsa^a  la  coa.arisoa  aida  dhe  podsadials  of  pare  aedals, 
dlr.iiaaa,  dallac^aa,  ccar.er,  aad  cr.ro2iaa-  5aey  ostaiaed  a  siailar  eri'scd 
c~  c"  s* ^  C**  ^ o«  }  ^oxrsiic*  susi 

oral  1C  acida.  i  aer  priacipls  od  i-iiojiag  cheaicaliy  sdasie  sdeels  as  pro- 


.r.sre  cada  are  aaGcaadeciy  oi  gread  laderesd.  i.i 


is  sdili  aod  clear. 


aoi^evcr,  ray  lae  elsaeads  rei'erred  do  above  fora  cadaadic  phases  ia  an  alloy 
_r.a  rasdaer  daey  do  sc  ad  all.  Since  dhey  are  all  ia  dhe  solid  solution, 
daeir  role  r  y  also  be  istei^reded  irca  the  staadpoiad  of  dhe  general  dheory 
oa  das  efffccd  of  solude  eleaeads  possessing  hi^  daemocyaanic  sdaoilidy  in 
a  given  aediua.  As  for  dhe  nechaaisn  of  dheir  effect  even  in  relatively  snail 
quaadidies,  id  nay  he  assuned,  for  exanple,  that  in  nedia  in  rhich  dhe  steel 
is  located  cn  dhe  boondary  of  the  active  and  passive  states,  the  eienents  in 
-uesdion  act  rith  respect  to  the  layer  enriched  rith  chrcaiun  end  nickel  ia 
dae  sane  ray  as  chroniua  and  nickel  thenselves  act  rith  respect  to  the  iron 
natrin-  After  a  certain  period  of  tine  fron  the  heginning  of  corrosion,  the 
surface  planes-  apparently,  are  enriched  rith  the  atoas  not  only  cf  nickel 
and  passive  chroniun  (according  to  the  authors’  ezperinents,  chroniue  hecones 
seif-passivated  in  50- percent  n,50^;  its  potential  equals  +1.07  ▼)»  ou»  also 
of  the  noble  nedals  intracuced  into  dhe  alley,  .vhereupon  their  auxiliary  pro- 
decdive  effect  is  nanifested.  The  existence  of  such  sechaniss  is  indirectly 
evidenced  by  the  fact  reported  by  the  authors  that  27-percect  chronica  steels 
rida  aebie-aedai  adaixturcs  xere  passivated  ia  a  fex  ninutes,  and  chronicn- 
aiehel  s'ecis  as  late  as  1  to  5  days  after  the  beginning  of  the  test.  This 
possibly  explains  the  fact  that  the  potential  of  the  steel  tested  {?ig.  561), 
after  ids  pailadiun  contents  ras  increased,  ^preached  the  potential  of  pai- 
ladiun  itself.  On  the  other  hand,  in  steel  alloyed  vita  copper,  the  potential 
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Fijpire  560.  Hate  of  corrosion  of  lShlSS§  steels  slioyed 
■sith  platiron,  paliadian.  and  copper,  as  a  fnaction 
of  concentration  of  H_sOi.  at  20°.  Length  of  test 

^  O  . 

period  560  hours-  ^a)  reight  loss,  g/ca  /hour; 

(b)  concentration  of  HgSO^*  55;  (c)  lShi6S9. 
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‘^!XiSH$  ^  eigur-7  3ol*  Potentials  sC  1^185?  steels 
'  alloyed  vith  pXatisp;^-,  pallasius,  and 
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o.7s\-  C37.Pa 

*  ■*  *  *  -  r 
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copper  at  the  end  0^  corrosion  tests 
in  H^SO^  at  roca  tespciTatnres 

n  -  potentials  for  pore  ne^alS  indicat¬ 
ed  in  25-?ercest 

(a)  potentials;  (h)  concentration 
of  St  (c)  2£h5S5 


fne  verp  process  of  enrichnent  sf  the  surface  layer  Tlth  the  noble  ele- 
nents  contained  in  the  steel  nay  proceed,  as  in  general  in  solid  soiliticas,  in 
accordance  rith  the  "secondary  electrocheaical  exchange"  nephenisri  proposed 
t*  Skorcnelleti  and  A.  I.  Shaitin  for  copper,  nolybdennn. 

stiver,  nercary,  and  ctaers.  Shis  hypothesis  is  also  adviced  by  the  usthors 
in  one  of  their  papers  /3?g7  and  is  confimed  to  a  certain  extent  ej  tha  pos¬ 
itive  effect  achieved  upon  the  introcaction  of  ions  Of  noble  netals  into  the 
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so.u-.iin  /41c,  s?£/. 

Of  i—sorcsuce  for  iis  corrosion  rasisiance  of  he-erogeneous  ai- 

*""^0  *oc""*'  c'^  sn&rsaon  or  ^na  cnasos*  mo  ^oca^ro** 


of  csriain  nhnsas  alc-nit  the  grain  boundaries  o. 


f  r»»T  ollc-J 


slicy  nay  cnnsa  inter— 


oryctall'na  corrosion,  rnich  rill  be  discessed  m  greater  aetan  rater  on. 
vr.e  effect  of  the  extent  of  dispersion  of  the  phases  is  not  »eli  deixnea 
Increase  i-  tr.e  extant  ci  ‘aspersion  ncstiy  intensifies  the  corrosion  ci  an 
alloy,  ^his  nay  be  ascribed  to  the  increase  of  the  totai  area  on  snach  tae 


accelerated  cue  to  adjacency  of  the  second  phase.  Hor- 


r 


ever,  in  a  rnmber  of  cases  a  hi^  extent  of  dispersion  nay  also  prove  to  be 
a  positive  factor,  because  of  the  decreasing  ^meability  of  the  alley  to 
the  action  of  the  nediun,  the  widening  area  of  action  of  the  protective  filn, 
etc.  the  ninlnun  chenical  stability  of  an  alloy  sonetines  corresponds  to  a 
cer-ai:;  ’’critical”  extent  cf  dxspersicn.  upon  the  solution  of  quenched 

acc  tempered  carbon  steel  containing  0.95^  C  in  l-percent  sulfhric  acid,  the 
s’ariraiu  solubility  ras  observec  after  tenpering  at  400°  Jfifm  87^.  2he 
authors  gav*  the  structure  of  such  steel  the  nane  "osncndlte**,  uhich*  hovever, 
via  aot  subsccuentiy  anocted. 

?he  csrrosioa  resistance  of  a  steel  or  alloy  nay  be  greatly  affected  qy 
otncp  factors  in  addition  to  the  chenical  conposition  and  strucfore.  Jfcsic, 


lor  exanpie. 


ciliary  and  rcoldunl  stresses  and  plastic  dsfoznation  of  steel 


increase  the  r^t«  of  it_  corrosion,  this  being  accespenied  by  lovering  cf  the 
electrode  potential  £^a^.  Ccrrosioa  in  this  case  frequently  acquires  an 
intcrcrystalline  nature,  and  this  is  especially  dangerous.  Inrcaiing  reliev¬ 
ing  residual  stresses  and  the  results  of  plastic  defomaticn  restores  to  the 
ttaei  the  corrosion  resistance  inherent  in  it  cith  the  given  ecnpositlcn. 

?hs  ac>:elernticn  of  the  cerrosion  of  cn  alloy  under  the  influence  of 
stresses  md  r->astic  defomatios.  thsuld  not,  hersver,  be  confused  uilh  the 
p’tenoreca  of  oerrosion  crachiag  and  corrosion  fatigue.  Intensification  of 
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corrosion  process  under  the  acoicn  oi'  stresses  is  observed  uith  er.y 
■ttrensed  stnte  od  sn  nlioj*.  Ccrrosocn  cracking,  3n  tile  other  hand,  is  brit¬ 
tle  doi-urc  of  nn  al-cy  a.cted  on  by  nn  aggressivs  nediun,  laiiure  caused  by 
r.or—nl  tensile  stresses.  Sven  alloys  having  n  high  geasral  corrosion  resist¬ 
ance  are  sub^-eet  to  corrosion  cracking.  Corrosion  fatigue  t  vhich  is  observed 
tnen  an  alloy  is  acted  upon  siaaiianeously  by  the  corrosion  process  and  al¬ 
ternating  strenses,  is  ais''  nechanlcal  in  nature  and  is  characterized  bl'  the 


aosence 


ci  —  definite  value  of  the  fatigue  lisit  and  by  high  dependence  of 


tne  fatigue  strength  cn  the  frecuency  of  the  cycles.  Preliminary  corrosion, 
on  the  other  hand,  sinpiy  lovers  the  fatigue  linit  of  an  alloy  as  a  result 
of  tne  canapes  it  causes  /765/-  5hus,  neither  corrosion  cracking  nor  cor¬ 
rosion  fatigue  has  a  direct  bearing  on  our  subject. 

kne  quality  of  the  surface  of  a  steel  hais  a  substantial  effect  on  cor¬ 
rosion  resistance.  After  coarse  nachining  the  active  surface  is  greater  and 
tne  overvoltage  of  hydrogen  precipitation  is  lover  than  after  polishing,  and 
the  corrosion  resistance  is  according].!-  hi^r  in  the  latter  case.  ?hu3,  for 
example,  for  yShly  steel  costaiiumg  0.2^  C  and  l4.I]s  Cr,  on  plates  subjected 
to  nachine  grinding  vhich  thereafter  had  a  coarse  surface^upon  dissolution  in 
a  5>  sodi an— cnl ende  solution,  losses  vere  obtained  vhich  vere  almost  e. 

vsioie  order  of  uagnitude  larger  then  cn  plates  greand  and,  finished  by  hand. 


increase  in  corrosion  resistance  vas  observed  on  a  steel  sith 


o.Cojs  C  and  14$  Cr  in  a  vapor  medium  after  electrolytic  polfshing  in  concarisoa 
uith  ccnventicnal  nachine  polishing  /tee?.  It  has  also  been  shacn  vith  a 
cnrcmiun-nickei  steer  of  the  lE-8  typo  ^6T/  that  in  the  event  of  eiectroiy- 
.ic  poiishin^  m  oatas  oi  vezying  composition  the  surface  is  pascivated 

-  vays  and  possesses  a  varying  corrosicn  resistance.  Improvement  of 
”  oondi.ion  oi  tae  surface  of  steel  in  proportion  to  its  dissolution,  for 
-c=ovai  of  scale  and  inparities  agr  sandblasting,  etc.,  thus  leads  tc 
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jL.:.  iLLCYi::5  iLSIiEri-rS  iltD  CAHHOX  is  s^ilKLiSS 

ASD  AGI3  H2sIi?A55  S^’£-IS 


Alloying  -us^  provide  for  differest  properties  of  steel,  dependiag  on 
the  ctscttioss  oi  ennloynent  oi  the  letter.  But  stnce  tnese  properties  obe^ 
various  iatrs,  tt  is  not  al~ays  possible  to  obtain  the  desired  cosbiaation  o£ 
all  aroserties  in  one  steel.  This  is  particularly  true  o£  tae  possibility  oi 
utilising  oarbon,  trhich,  generally  speaking,  affects  the  corrosion  and  nechaa- 
ical  troserties  in  different  directions.  ?he  sane  nay  be  said  of  tne  struc* 
lure  and  ih  heat  treatnent  conditions.  Austenitic  steels  possess  a  hi^§r 
corrosion  resistance  and  in  a  larger  nunber  of  nedia,  but  display  louer 
strength  values  (particularly  ~.he  yield  point)  at  roon  teuperature  than  do 
ferritic-nartensitic  steels.  A.t  the  sane  tine,  they  possess  a  high  piastici^ 
and  ductility  and  valuable  auxiliary  prcpertiesi  they  are  noa-nagnetic,  have 
a  high  electric  resistance,  ar^  are  highly  heat-resistant.  'Se  shall  thus 
discuss  separately  the  effect  of  elenents  and  carbon  on  the  corrosion, 

nechanical,  and  tachnoiogical  properties  of  ferritic-nartensitic  and  austen¬ 
itic  steels. 

A.  lEB  SOhS  C?  ALL0II5G  IS  ZSC32ASIKG  fES  KSAL  COBSOSIOS  SSSISSiSGS 

?ferritie-sartensitic  steels 


it  foilous  frcE  sunt  uns  stated  earlier  about  the  basic  principles  that 
chronisn  is  the  alloying  elccent  vhich  increases  the  corrosion  resistance  the 
nost  effectively  in  crLdising  nedia.  Chroaius  transsits  to  steel  its  tenien^ 
touard  passivation  Then  its  roatent  exceeds  12  to  1>$.  Snls  is  the  auanti^ 
of  chroniun  uhich  has  been  established  as  its  sininaa  content  in  a  steel 
vhich  is  stable  in  the  atsesphert  and  in  oxidizing  acids.  Parthor  increase  in 
the  chsnical  stability  of  steel  in  the  sedia  referred  to,  as  veil  as  sosnun- 


.cation  to  It  oi 


creased  resistance  to  esrtsin  ssv  nedia,  nsy  se  aahieTed 
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chroaiu:;  con^sr.z,  ■r:;ich  say  so  raised  so  26  so  5'^- 
Easseqser.s  sssicies  has-e  siicsm  siias  she  :ainiaus:  consent  of  ehroEtiim  in 
ccrrj^sion-resissans  sseei  also  corJTorss  in  she  rain  sc  she  n/’S  nole  law,  al- 
sn^t^r.  see  increase  in  resissance  as  she  res?ecsi-.-e  oosindaries  nay  only  ar- 

he  considered  inserssissens  even  in  shis  case,  as  is  so  he  seen  Tron 
--®  ssreac  of  she  coinss  in  Pigare  5e2  /yi?/-  Seviesiens  iron  she  n/S  nole 
-an  an  con..erciai  ferrochroniun  alloys  ere  also  possible  because  of  she  Tacs 
sn_s  binding  of  chroniun  in  carbides  reduces  the  content  of  the  latter  in  the 
solid  solusion- 

sne  anouns  of  carbides  is  an«.  reater,  and  hence  the  extraction  of  chroa- 
s'ca  sroa  she  solid  solusion  is  she  aore  extensive,  the  higher  is  the  carbon 

steel.  Is  is  for  shis  reason  that  the  corrosion  resistance  of 
cnroaaua  steel  drops  nsth  increasing  carbon  content,  as  nay  be  seen,  for  ex— 
sroa  Pignre  5*>5  ^9l7-  ?ae  negative  effect  of  carbon  cn  the  corrosion 
resistance  of  steel  nay  be  coapensated  by  increasing  the  ebroniua  content  of 
the  latter  so  a  level  such  that  a  sufficient  qasntity  of  it  reaaiss  in  the 
solid  solution.  5his  quantity  nay  be  estiaated  rcu£i;ly  ca  the  basis  of  the 
n/3  aoie  lav  and  the  coaposition  of  the  carblca.  !chss,  vith  an  average  con¬ 
test  of  0.1?  C,  of  steels  containing  /v/15,  15,  and  17?  chroaiuc  the  latter 
possesses  the  greatest  stability  in  nitric  acid  at  20®  Approxisately  the 
sane  stability  is  possessed  steel  containing  0.^  C  bat  about  50?  Cr.  fae 

highest  stability  is  exhibited  vj  a  steel  vita  /^O.l?  C  and  27?  Cr,  this  cor- 
rssaending  so  2/8  aole.  She  steel  rith  50?  Cr,  eves  vhen  containing  i  to  1.5? 

''  s-iil  possesses  a  corrosion  resistance  vhich  is  satisfactory  for  aany  tech¬ 
nical  purposes,  despite  the  presence  in  it  of  a  very  large  asoant  of  free 
carbides. 

The  possisiiity  ci  changing  the  corrosion  resistance  of  chrcaiua  steels 


~^r  detailed  infsraaticn  on  the  cheaical  stability  of  diverse  steels,  see 

/y$2,  ^i,  7s§7. 
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Piga^s  Co2r2rcsioa  o*  ^szie&Xcd.  cbyom 'no  steels  iji  5^* 

p€^CcIl'*  lliiO.  1 

a  -  at  50**;  B  -  at  50**; 

(l)_  sei^i  loss,  g/a^hoar;  (2)  Chrosiaa  content 
or  solid  solution, 

» 

or  neans  of  heat  treamenx.  in  uhicb  the  cjoantity  and  extent  of  dispersion  or  tae 
carbides  are  nodiried  depends  on  their  chroniua  and  carbon  content  according 
zo  Che  structural  diasras.  As  =37  be  seen  froa  lisaxe  3^  J^xroKCi.  fros 
Idcoc^,  in  carbon-free  alloys  the  ganna  region  is  closed  off  at  11  to  1254  Cr. 
Consequently,  all  practically  carbon-free  alleys  containing  oTcr  11  to  125  Cr 
are  ferritic  steels,  cith  the  introduction  of  carbon  into  the  alloys,  the 

ebroniun  content  at  rtich  the  gasta  regi.-n  is  closed  off  rises  apprec¬ 
iably.  A  ternary  Pe-Cr-C  systea  has  been  studied  by  =a=y  anthors,  rhose  data 
disagree  sonerhat.  5oae  idea  of  the  structural  regions  in  the  ternary  lysten 
is  afforded  by  the  diegran  gifen  earlier  in  Figure  4l.  As  nay  be  seen  fron 
the  diagran,  in  order  for  steel  to  be  receptire  to  aartespering  it  nust  con¬ 
tain  cither  no  nore  than  12  to  I4g  Cr  uith  a  Ic*  carbon  percentage  or  no  less 
than  /''O.yS  rath  ij  to  1^  Cr.  A  steel  containing  oxer  2555  Cr  is  not  recep- 
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-iv6  ;c-  =.arZ22perir.o,  eves,  rith  a.  large  oz  carbon. 

Chroniur  nteela  »hich  are  receptive  to  aarteapering  possess  the  highest 
corrosion  resistance  in  the  hardened  statcj  trnen  tne  carhices  nave  oeen-  t..an-» 
Terrod  to  the  solid  sointion.  Sabsequent  tenpering,  iia  Thich  the  deconposi- 
tion  oi  nartenslte  is  accoaoanied  bv  precipitataon  of  the  carbideSf  aOKC-s 
tr.e  corrosion  resistance.  Since  the  nartensite  in  these  alleys  possesses  an 
increasec  stability  torrard  t  spering,  perceptible  lovering  of  the  resistance 
begins  at  400®.  Hovaver,  tenpering  at  tenperatur«si|lbove  '^'oOO  «  as  itay 
be  seen  fron  Figure  565  ^9l7»  i"®-  eranple,  again  eiewtes  the  corrosion  re¬ 
sistance,  although -its  value  corresponding  to  the  bardf^eu  state  rs  usually 

s'tEnd.Tioi.iiz  co^Tosicn  76sl.Sw3i!!ic6  is 


to  suh;:ect  chroniun  steels  for  structural  purposes  teap<  'ng. 


?his  course  of  change  in  corrosion  resistance  qp9n  tenpering  is  apsar- 

entiy  the  result  of  several  processes,  fhe  first  o{.  vhich  is  na:^f«siec. 

.  *  • 

up  to  the  stability  on  the  c-irve,  consists  i^^^iapoTerishnent  of  the 

basic  nass  in  chreniun.  Shis  factor  nay  play  a  prrticalarly  iaportant  par*  if 
the  anount  of  chroniun  renaining  in  the  solid  solution  after  precipitation  of 

■^31.* 

the  carbides  is  belov  the  cherisal  stability  boundary.  ?oe  increase  l^^en- 
iaai  stability  after  hi^  tenpering  is  explained  in  part  by  uoagulati^  qf  ‘ 
tne  carbides.  It  nay  be  assured  on  the  oasis  of  the  diagrars  of  Figure  55S 
that  coagulation  leads  to  reduction  of  the  total  surface  on  sMch  the  process 
of  cerrosion  is  accelerated  throu^  contact  betaeen  the  caia  nass  end  the 
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c_rblcc  s-.:iS6.  Tr.e  posizivo  role  of  coagalacion  oi*  ^be  carbides  is  ccr.fir^ed 
iasirec^ly  by  *he  ■"«■?---»«•  solubility,  reierred  to  aoove,  of  carbon  steel  upon 
teaperir.^  at  4G0^,  ■rhsn  the  coagulation  factor  is  the  only  one,  since  both  the 
coaposition  of  the  carbide  and  the  conposition  of  the  basic  nass  scarcely 
change  at  all  in  this  case. 

But  change  in  the  ccnposltion  of  the  carbide  nay  also  exert  a  great  ef¬ 
fect  in  chrcniun  steels,  in  -edition  to  coagaiaticn.  Sone  held 
on  high  tenpering  there  occurs  a  transfomatios  of  Cr„,Cr  into  the  carbide 
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Flgore  5u^-  Ganna,  region  in  struc¬ 
tural  diagran  of  a  ?e-Cr  §y3-es 
(according  to  Adcock).  Sheisal 
•  analysis:  A-heating;  V  -cool¬ 
ing:  Bilatonetric  analysis: 

A-  heating;  ▼  cooling; 

(a)  ?enperature,  °C;  (b)  Cr, 
i6  (iqr  weight). 


C-7C-,  rhich  binds  less  chrsaiun.  la  reality,  hoveTer,  it  is  to  be  expected 
cn  the  basis  of  themedysasic  and  kinetic  presases  (cf.  p.  17%  and  Fig,  108) 
that  cith  elevation  of  the  tenpering  tesperaiura  transfomatios  of  the  oar- 
hide  in  the  opposite  cireeticn  will  LOssr*  It  has  also  been  desosstrated  en- 
perinentaily  with  a  steel  containing  O.ieji  C  end  12.7j»  Cr  that  in  the 

process  of  tenpering  after  qsenchisg  froa  1025®  the  carbide  cot^ositicn 
changes  is  the  sequence  {?e,Cr)^C  — >(Cr,  — ^(Cr,  ?a)2526-  It  nay 

tsus  be  assuned  that  the  change  in  the  cospositios  of  the  carbide  in  the  aro- 
cess  of  tenpering  affects  the  rate  of  the  carrosion  process  also  as  a  result 
of  change  in  its  ecuilibrian  potential  in  a  given  nediun,  in  confomity  with 
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F'ijurt:  ;&C.  Such  as  a£STi=n^ion  also  scans  »he  nesa^ive  roie  of  tne  car- 

zia.sc  in  ^sneral  is  nrobablv  no^  United  zo  exiraciion  of  csrosiua  iron  the 
basic  sacs  cut  is  also  neiated  to  the  diffexest  vatues  of  the  eijUiltoxi'UJa 
notestial  anc  overvoltage  of  hydrogen  precipitation  of  the  carcides  ard  of 
the  solid  solution. 


I'iguTC  5c5-  affect  of  quenching  and  tea-  ^ 

pering  tenperatare  on  tne  corrosion  ■ 

resistance  of  a  steel  containing  0.5755 
C  and  14.5^  Cr:  ^ 

1  -  cuenching  froa  925  ;  2  -  frcn  5 
1C40°;  5  -  IlpO®;  "  1 

(t.)  losses.  Si  (o^  teaper- 
ang  teaperature,  C.  ’ 


300  *00  sto  too  too  too  : 

i^Teuaeptngfa  mmyaa^  *C 


According  to  the  data  of  vario’is  sources,  the  quenchrng  tenperatai##  of 
chraaiun  steels  for  the  purpose  of  increasing  their  corrosion  resistance  vary 
(froa  950  and  even  900®  to  il00®j  the  lover  teaperstures  refer  to  steels  ui'ch 
a  loner  carbon  content).  Ohis  is  explainaA  not  only  ^y  the  hi^  sensitivity 
of  corrosion  tests  to  the  test  conditions,  condition  of  the  surface  of  the 
speciaens,  etc,,  oat  apparently  also  hy  the  fact  that  the  optigaa  «^enching 
teaperature  nnst  depend  on  a  nxts'aer  of  factors.  In  the  quenched  state,  the 
corrosion  resistance  of -steel  east  be  the  hi^er,  the  core  co^^letely  have 
.he  carbides  been  converted  to  solution,  i.e.,  the  higher  is  the  quenching 
tenperaturc.  It  is  apparently  for  this  reason  that  steels  vith  a  higher  car- 
bun  content  nust  also  have  a  higher  quenching  teaperature.  Ihis  effect  of 
the  quenching  lesperature  sust  be  retained  after  tempering  until  appreciable 
precipitation  of  the  carbides  froa  the  earteasite  begins,  it  tenpering  tem¬ 
peratures  above  this,  the  opposite  effect  of  the  quenching  teaperature  is  to 
be  expected,  since  the  hi^er  the  latter  and  the  snaller  the  aaount  of  undis- 
solved  carbides  resaining  in  the  structure,  the  sore  strongly  dispersed  rill 
be  the  carbides  precipitated  upon  tesperisg.  Precisely  such  a  pattern  as 
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•-r.ic  i;  tc  be  aeiec'.ei  in  Pit*--*  P°3-  However,  ihe  ci-ference  in  ihe  weight 
ioir  specinenn  of  ihe  aana  dimensions)  upon  change  in  ihe  quenching  tea- 

peraiure  within  ihe  925  to  1050°  range  is  anall,  after  ootn  nediua  anc.  high 
tempering.  The  =ane  was  also  found  riih  pnhlp  steel  in  certain  other  studies 

(do/. 

In  vier  of  these  circanstances,  as  rell  as  the  ■srell-known  effect  smen 
the  r.at'are  of  the  rarking  av.tressive  nediun  nay  exert, 'the  quenching  Itasper- 
ature  should  be  selected  in  the  950  to  1050°  range.  9ecperatures  ranging  ^ 
fron  550-  to  975°  considered  the  optiaun  for  steels  containing  0.25f»  C»  and 
975  1025°  fer  ^eels  with  a  higher  carbon  content*  It  is  advisable  ta  de¬ 

termine  tfie  -ptimun  quenching  tenperavure  with  greater  precision  by  eip^i- 
nent,  in  conformity  with  the  service  conditions  of  th^yrticles  to  be  pro¬ 
duced-  It  is  necessary  in  this  case  to  proceed  ahovl^gl  froa  the  necessity 
of  easurii-g  tae  rec-iirad  chaxacxeristics  of  ala^ticity  and  ducxility 

.  ^  1  ■ 

654).  These  characteristics  are  much  aore  sensitive  to  changes  in  the 
ture  of  the  steel  caused  by  variations  of  the  quenching  temperature  than  is 
the  corrosion  resistance.  Seni-ferritic  steels,  such  as  those  containing 
1756  Or  and  0.1^  C,  are  subjected  to  annealing  -at  a  temperature  of  around  750°. 


Austenitic  and  austenitic-ferritic  steels 
The  introduction  of  increased  amounts  of  nickel  ^to  high-chroaiuB 

/ 

steels  has  led  to  the  creation  of  steels  of  nev  types  which  have  an  austexiitj^o 

■ 

structure  and  which  possess  a  very  hi^  chenical  stability  in  a  large  quaS'*- 
tity  of  aggressive  media.  Of  such  steels,  the  'oldest  use  has  been  made:of  a 
steel  containing  16%  Cr  and  8  to  10%  Ki,  designated  abroad  as  18-8  and 
the  Soviet  Snion  as  KhlSS9  (fomer  brand  desiguation  Sfa).  .’’f 

The  increase  in  the  chesical  stability  of  chxoniua  steel,  partico^rly 
in  ncnoxidiaimg  media,  with  the  introduction  of  nickel  into  it  is  apparently 
due  to  a  greater  extent  to  the  action  of  the  nickel  itself  than  to  the  forma- 


KCL-059/V  (5) 


‘yX'~  ^  .-’5  -  y  O'  -  y  ,•« 


liv-ticr.  ii'  iT.  sirsictur^-  Ik  Tact,  aus-or-i-ic  ateels  —  na:io:-i«ise 

_ i  ci..-o__aa-i..-ia;;i_-.c-3e  varitics  —  do  sot  possess  lae  saso  chccical  stability 

as  nic;:<r.  ar.d  caroaitsi-ai Crrei  austenitic  steels.  The  austenitic  structure, 

.iS  a  jinjie-phase  anc.  denser  structure,  also  plays  a  certain  positive  par. 
in  increasing  the  cheaical  stability  or  steel.  Horever,  this  part  shoula  not 
be  exajjei-iitoa,  especially  froa  the  standpoint  of  the  single-phase  structure. 


as  noted  earlier. 

Calculations  shou  ^pf.  42^  that  the  optima  coaposition  of  austenitic 
chrouiua-nickel  steels,  as  established  enpirically,  also  obeys  the  n/8  aoie 
ia»  in  the  rain  froa  the  standpoint  of  their  stability  in  certain  necia._  This 
lar  normally  determines  the  content  of  either  chrosiun  or  the  nickel,  depend^ 
inj  on  uhich  of  these  elements  is  itself  chesically  stable  in  a  given  cfediua. 
Thus,  for  example,  the  stability  of  steel  in  boiling  sulfuric  acid  rises 
especially  abruptly  upon  transition  tbrou£^  2/8  mole  nickel,  rhile  the  chrom¬ 
ium  content  has  very  little  effect,  iihen  the  steel  is  subjected  to  the  action 
of  nitric  acid,  its  stability  rises  sharply  vith  n/8  nole  chroniun,  ubilfc 
the  effect  of  the  nickel  coes  not  confom  to  the  la'r.  The  role  of  nickel  in 
achieving  an  austenitic  structure,  on  the  other  hand,  reaains  unchanged  in 
all  cases.  It  is  necessary  to  introduce  no  less  than  8%  Si  into  a  steel  con¬ 
taining  about  18^  Cr  is  order  to  achieve  this  goal.  Thus,  it  is  frequently 
necessary  to  adopt  a  nickel  content  of  over  Sji  in  acid-resistant  steel,  if 
this  element  determines  the  boundery  of  chesical  atabili^.  The  Xhl8S9  steel, 
houever,  contains  the  ninigua  azoont  of  nickel  alio  out  of  econozic  considera¬ 


tions. 

Figure  566a  (borrowed  froa  Krivobok)  gives  the  pseudobinary  structural 
diagram  of  the  ?e-Sr-Si-C  ^sten  for  a  section  containing  16^  Cr  and  ^  Si, 
and  Figure  566b,  the  upper  left  comer  of  this  section,  studied  in  greater  de¬ 
tail  in  later  investigations.  It  is  to  be  seen  that  vith  the  carbon  content 
customary  for  industrial  steels  of  this  type  (up  to  0.25Sd),  their  structure 
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Ti  the  ecuilibriiis  state  consists  si  austenite,  alpna  pnase,  and  carbiuei 

tich  are  of  me  (Cr,  tyse  as  in  steel  rith  the  sane  quantity  of 

o 

oziun  but  rith  no  nickel.  The  solubility  of  the  carbon  in  the  austenite 
rocn  tenperature  is  0.02  to  0.0555  and  changes  rith  the  tenperature  along 
e  line  S2  3y  neans  of  cuenching  fron  tenaeratures  iocated  above  this 
ne,  the  carbon  can  conseouently  be  held  in  the  supersaturated  so^xu  solu¬ 
tion  and  uill  be  trecinitateu.  frcn  it  in  the  fem  of  carbides  ox  the  specific 
coaposition  upon  subseouent  heating  (teapering^. 

This  is  also  true  in  orincaple  of  the  alpha  phase,  the  precipitation  Ox 
uhich  it  should  be  possible  to  arrest  throu^  rapid  cooling  of  the  steel. 
Houever,  it  has  bee^  demonstrated  by  exnerinent  /789»»576»  ?•  XJjJ  that  in 
the  lfe-8  steel,  neited  fron  pare  initial  materials  to  vacuo  and  coxitaxi^^  ?- 
iess  than  u.OOpyo  C  and  0.005%  H  it  is  not  possible  to  achieve  a  fully  |||ji«eo.- 

I 

itic  structure  even  after  quenching  fron  1150®.  She  sane  vas  observed' 


Figure  pSo.  Pseudobinary  structural  diagraa  of  Fe-Cr-Si-C 
system  for  a  section  containing  10%  Cr  and  8%  Si. 

(a)  Tenperature;  (b)  carbides;  (c)  austenite; 

(d)  alpha  +  iron. 


18-3  steel  decarsurized  in  the  solid  state  to  vacuo  to  a  carbon  content  belov 
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X — 3  j '  V  , 


^5r“T~~0  D  Jr 


-.Oc;;  /s6^/.  ;:or  :a.s  a  lu-ly  ausiesi^ic  scracture  achieved  after  quar.chisg 
iiOO^  /i'lo,  p.  is  a  steel  coataiaing  0.065o  C  and  0.026>  5  bat 

tatcc  had  0.57^>  ?i,  irhich  biads  both  the  carboa  and  the  aitrogea  ia  the  stable 
tr.asss.  At  the  sate  tiae,  a  falav  aasteaitic  stractara  is  achieved  after 


cueacaiag  faca  UGO^  ia  a  steel  dth  t' 


h  the  nitregea  coateat  castoaary  is  iadas- 


iai  aea.c  /cf.  765.  i-1^/. 


Heace  it  is  believed  at  steel  of  the  16-~6  tjpe  has  aa  austeaitic 
structure  because  it  alvays  coataias  a  certaia  aaotmt  of  nitrogen,  and  such 
steer  is  aaditioaally  alloyed  rith  titaniua  because  of  the  increased  content 
uaagaaese  and  richei  (as  against  655  5i)- 

•-•ae  pre_eace  of  the  alpha  phase  has  a  varying  effect  on  the  properties 
ot  austenitic  steel-  ?hs  alpha  phase  has  an  adverse  effect  on  the  heat^t 
resi-staace  and  is  undesirable  uhen  the  steel  snst  have  a  very  lov  nagaetic 
incuctiYity  aecause  of  the  condition  of  esplf^Tzest*  5ho  alpha  phase  has  a 
-^'•’"-^*1®  eifcct  on  the  tenden^  of  the  steel  tovard  intercrystalline  cor¬ 
rosion  and  on  the  quality  of  a  raided  ^oint  (see  ^ssia^  pp.  617  aad  618). 
Thera  are  conflicting  opinions  as  to  the  effect  of  the  alpha  nhase  on  the 
total  corrosion  resistance.  Eieoretically  it  is  to  he  erected  that  the  dif¬ 
ference  in  total  corrosion  resistance  of  steel  rith  a  ge-snn  +  alpha  structure 
and  -ne  resistance  of  a  steel  rith  a  sonophase  austenitic  structure  should 

aiiierent  aggressive  nedia.  In  reality,  the  aiphu  phase  is  enriched 
mi  mpoverished  in  nichel  in  coaparison  rith  the  gasaa  phase, 
nence  tne  ganna  ana  alpha  phases  should  he  prsctie*illy  equivalent  vith  re¬ 


spect  to  resistance  in  nedia  in  rhich  the  resistance  of  the  steel  i 


IS  cetsr- 


— ^ned  ay  passivating,  for  ezanple  in  nitric  acid,  including  boiling’  nitric 
acid-  The  overvoltage  of  hydrogen  precipitation  in  these  phases  should  also 
be  approxinately  the  sane.  Consequently,  acceleration  of  the  corrosion  of 
cne  phase  due  to  adjacency  of  the  other  is  scarcely  possible.  Cn  the  other 
nand,  upon  solution  in  nedia  in  rhich  chiefly  the  nobler  potential  of  nickel 
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■“  cTich  2.S  i:::  siil^aric  s-cid,  tbs  i'esjitaace  oi"  the  tlpha  pa-.se 

-r.k^a.c.  *c  _-jser  than  that  of  the  ir^ttna  phase,  and  consequent iy  that  c.£  ttfO- 
pnane  atsel  cnontd  be  loser  than  that  of  single-phaSe  steal.  Shis  batt^rn, 
union  nat  seer,  observed  evperinentaiiy  /7S0/  nay  apparently  he  cona5.tlere&  the 
acit  s-rroct  cne.  i  such  greater  negative  effect  of  the  alpha  phase  on  re- 
suitaric  acid  as  coapared  vith  nitric  acid  iras  also  oascrred  in 
-o*-  recent  sv.-'es  /75^-  Studies  -shers  no  allcrance  is  hade  fer, 
®*  -tioication  is  even  given"  of,  the  conpesition  of  the  nediUn  in  dJlich 
-ne  test  ci  tvo-phase  steel  vas  condneted  esnnot,  in  our  opinion,  c.tntri os.*  te 
to  elucidation  of  this  problen. 

piesen.ee  of  chrcniun  carbides  in  the  structure  losers  the  tetai  cor¬ 
rosion  resistance  of  austenitic  steel,  apparently  for  the  sane  reason  as  that 
s’-iggested  earlier  for  fcrntic-nartensitic  steels,  i.e.,  partly  because  of 
•throniun  inpoverishnent  of  the  basic  sass  and  partly  because  of  the  fact  that 
tne  overvoltage  of  the  cathodic  reaction  in  the  carbide  phase  differs  fron 
basic  nass.  She  corrosion  resistsnee  nay  be  increased  in  this 
case  as  veil  cy  trsncfev  of  the  carbides  to  the  solid  solution,  this  bein® 
achieved  in  IhlSSS  steel  by  caanching  fren  a  teaperature  of  I050  to  liOQ®. 

-o.  .he  lahifei«9?  steel,  i,  e.,  one  additionally  alloyed  aith  titaniun,  it 
ceen  denonstrated  in  recent  years  that  in  application  to  definite  service 
conditions  better  results  are  yielded  by  quenching  fron  a  tenperature  of 
oyO  to  9S0®  or  annealing  at  SpO®  with  sir  cooling.  She  edventsgas  cf  such 

-rcatnent  and  their  probable  cause  will  be  covered  in  greater  detail  dur¬ 
ing  the  discussion  of  intercrystailino  corrosion  and,  respectively,  cf  steel 
2l..ioyed  "ariteii  -ivsjiics* 

-■iie  nickel  or  acid-^jresistsiit  sas^^cxeicic  steel 

by  3.  0.  Siavin.  Setallcvedeniye  i  teraicheshnya 
2reatneai7,  Sb.  Taitenash  i^nltonash 

Sy=posiu:^4  dasngis,  1955,  p.  196. 
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-•— r.y  ir.T*t.-ir^>^.rs  s-vei  ;j^:sibic  ;ca?le^e  or  parriai  aubsrirution  of  this 
6_r_cr-r.  ce-zx-e  krowi  a  rskativ'ely  icrg  rire  ago  zss.z  tie  very  Sign  chem¬ 
ical  s'.aciliry  rg  srfetl  af  rhe  lS-3  ryre  is  due  rot  so  much  to  its  austenitic 
cir-crure  rar  se  as  ro  the  specii'ic  features  of  nickel  austenite.  Tet  the 
offer tc  to  ensure  th<it  the  ausstltute  netai  should  also  have  an  austeLitic 
rtrseture  have  j«rsi?tei,  sii.ee  .he  presence  of  the  alpha  phase,  as  already 
j.vtoc  earlier,  hi-s  tr.  a-rvers  effect  cn  a  nanber  of  other  important  proper- 
ties,  .nrtiea'ariy  the  deforsability.  Hence,  manganese,  nitrogen,  and  ta  a 
certain  enler.t  coppre  ;.ave  attracted  and  are  continuing  to  attract  the  cost 
^-tentt^n  as  -tlloying  elenents  trhich  may  replace  nickel.  Hros  the  diagrau 
given  ear>ier  in  rigures  >46  and  >>>  it  is  to  be  seen  that  it  is  is^ossiale 
ir-  a  steel  centairing  over  15^  Cr  to  achieve  an  austenitic  structure  by  ai- 
Vita  manganese  if  the  carbon  content  is  lov:  and  no  nickel  is  present, 
rne  effectiveness  of  manganese  vhen  partially  replacing  nickel  increases  uita 
reduction  of  the  ehramiun  content,  especially  celov  !>»  (cf.  Pig.  >>4).  5he 
.iCSisvement  of  an  austenitic  structure  is  greatly  facilitated  in  all  cases 
men  the  steel  is  alloyed  vith  nitrogen.  It  may  oe  seen  Isy  comparing  ?i£?ires 
>5^  amd  >55  that  the  introduction  of  even  0.155»  S  produces  a  great  effect. 
^“®^''^~^22mgamese  steels  'sith  no  rdckel  and  alloyed  aith  a  very  large  otan- 
tity  of  mitrogam  (up  to  0.7^)  have  of  late  been,  and  are  no*  being,  developed 
'm  tne  uSl,  caaefly  as  heat-resistant  steels  vith  a  stable  austenitic  struc- 
it  mas  been  found  in  this  case  that  in  a  steel  centaixing  1T5»  Cr  nnd 


iy.  Hn,  an  austenitic  structure  can  be  achieved  vith  0.4%  S,  and  in  a  steel 
containing  17%  Cr,  15%  2n,  an?  2.5%  lio,  *ith  0.7S£5. 

uovever,  uttn  respect  to  general  corrosion  resistance,  chrosium— man¬ 
ganese  s.eels,  cctn  rith  and  vithoat  nitrogen,  are  markedly  inferior  to  chros— 
steel.  They  are  especially  sensitive  to  pitting  corrosion, 
is  detected,  for  eianple,  upon  spraying  vith  a  salt  solution.  Alloying  of 
chramium-mansanese  steels  vith  nickel  not  only  increases  the  stability  of 
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ir.;  ;r.e  eral  Hesublic  o-  Gsrsanj. 


Vferi  rjc  ar.d  chro=iTi=-=aii£ji::ese-sickel  szeeis  have 

hcei  aeTelcaed  f.2  »ae  aaviea  asion  as  a  Tesui.  sinercus  saacaes  ^see,  zojr 
^raaaala.  4cc,  ^9§7*  cr  ahese,  the  one  chiefly  nsec  as  a  con-osisn-re- 

sisaana  aaeel  cold— noll=d  analcles  is  ahs  contaiEing  0«X3  to 

C.5Cii  C  ana  no  niano£;en-  Siis  saeel  conseo^aenaiy  has  a  -seli-y-istiried  conoos- 
iaion  riah  nesaeca  ao  ahe  n-^el  and  nanganese  contena  rron  ahe  saandpomt  oi 
corrssion  resisaancs,  and  rath  respeea  ao  the  cbroniaa  and  carbon  content 

chc  s-s^dooln*  22isve:i5.-6  s^s.oili.'tjr*  Hoxfcverf  ziie  corxosion  Tcsis-ance 
inc^ss-ss:  in  che  chnoniun  concsnif  2nd  &9702d  it  iS 
cnleily  chr'aninn-ns.nganese-nickel  steels  Tita  17  to  1^  Cr  and  a.  lo«  c&rbcn 
oontent,  and  ndciticnallj  allcjen  rith  nitroge&t  rhich  are  cein^  developed. 

Une  oan  see  frcn  rsbie  iG2  f^'Q  that  in  the  DSi  iise  is  even  nade,  as  an  ex- 
perineniai  steel,  of  a  steel  containing  2i^  Cr  in  vhich  respectively  the 


nickel  and  the  nitrogen  contents  have  been  increased. 


steel  sinilar  to 


tbs  Ansricsn  201  and  containing  an  ahe  average  llji  Cr,  4.^  Ei,  6.^  3In,  end 
S.12ii  E  is  also  used  in  hngland.  _£752/.  xhe  positive  efrect  of  chroniur  on 
ahe  corrosion  resistance  of  chrssiun-sangsnese-zd.ckel  steel  in  boiling  oj-per- 
cent  nitric  acid,  vhen  the  chronius  content  is  increased  frcn  IS  to  21S,  say 
be  seen  fros  ?igare  5’S  /7®^» 

?he  chrcsius-saaganese-ni ckel  steels,  even  these  containing  up  to  2O3& 

Cr,  are  neveraheiess  inferior  to  cbi-ssina-nickel  steels  with  respect  to  re¬ 
sistance  tc  general  cerresiCT.  In  synthetic  sea  vater^  at  roos  tenperatsrc 
(length  of  test  period  24o  hours),  a  chronius-nanganese-nickel  steel  contain¬ 
ing  ras  found  to  be  such  less  resistant  than  a  ehroziun-nickel  steel, 

its  resistance  decreasing  *dth  increase  in  the  carbon  content,  as  is  to  be 

"Conpositioni  per  liter  of  vater,  15-6  g  XaCl,  4.28  g  2.05  £ 

LgSO^  7H,0,  0.5  e  ^2^4*  ^  CaSO^  25^0,  0.1  -g  CsSOy 
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C..%=.ic^  CDz^.^si^iCs,  in  %.  o.'  Teriain  Chronius-jIartSsnsse-KSckei  Acid 
Henisitni  3^cvls  r^nlavsd  Heeencij  in  ihe  USA 


:.-r-vcr  .  AISI  , 

o_  I  tvpe  j  Aesisnarion. 

1  = 


i  1 

1 

! 

1  C  1  Jhi 

Cr 

h-i  j 
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! 

* 
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}  ^  1 

}  251-6-6*  ( 
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[ 
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j 

5.5 —  J.S  ]  :5.»— IS.3 

7.5—  lO.O  i  i/.o-I'j.O 

7.5—  lO.O  I  17.0— :‘J.u 

7.5— 10.0  ■  17.0-15.0 
7.0— 5.0  j  :5.sl~2:.0 
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»  i 

J  3  5-5,51  ?0  0,25 
{  -k.O— S.lH  "C  0.25 
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I  3lo-7;d  oT20-«j73S 
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Sxcerineaxal  s^ecl. 


i  froa  th-  foiiosla^  fisures  3^^- 

■  IS-S  Chroaiaa-aickel  steel  13-4-3  Chro-aEiaa. 

-asaganese-aickel  steel 

C,  5o  Average  rei^t  loss. 

C,  5S 

Aversge  weight  loss. 

ejs^/  hoar 

C.io  O.OQOS 

0.16 

0.0047 

C-22  O.COOa 

0.26 

0.0055 

0-51  0.0007 

0.55 

0.0145 

Severtheless,  the  resistance  o 

f  chroaiua-asaganese-aickel  steels  tc  the  1 

action  of  a  acaser  of  aedta  is  salze  adscnate*  stss  if  they  are  inferior  to 
chroaias-a-chel  steels.  la  certsia  aedi*  sach  as  solfaric,  phosphoric,  iO- 
perosat  acetic,  aad  20-perccat  latis  acid,  oraa«:e  aad  toc^to  iaice,  etc., 
they,  just  as  chroatua-aickel  steel,  are  ftally  resistaat,  vhile  ia  a  sixture 
of  iO-aerceat  sulfuric  aad  S-perceat  aitxic  acids  tb^  arc  etea  soaeshat  saper- 
icr  to  the  latter,  it  has  baea  decoastrated  that  cara3ius*aaasaaese 

steels  of  the  16-8  type  caa  replace  13-6  chroxiut— nickel  s^el  ia  the  pro- 
cactioa  of  nitric  acid  by  the  aethod  of  sasoaia  contact  ciidatica,  and  that 
*— — —  especiaaly  ai^a  resistance  under  the  co— ditisas  cf  cellulcse  nro— 
ductioa.  Sbas-a  authors  have  ales  coafimed  the  feet  that  ahsat  2g  copper  caa 
replace  a  part  of  the  nickel  ir.  cbroaixag-cansanese  steel  aad  sabstaatially  ia- 
?-ove  its  corrosica  resistaaee.  They  recosaend  a  steel  coataiains  1^  Cr, 


tCL-555/T  (5) 


179 


. 2j>  Cu ,  2-<i  £.s  unc  rhich  i2oro£cjies  chrotsiaa-aickei  s-eei  the  aost 

cl£2ely.  .-cacrcir.j  cneir  aa'.a,  such  a  sseel  behaves  even  bscser  ir.  sul¬ 
furic  aciu  cr.ar  does  she  chrcaiua-aichel  stsei. 

!  *"!  j  i  j  5iU5  ~  j  1/*%  I  I  I 

3)1  I  !  aS‘^-tI,  K-f- 

•:  i  i  n"!  I^J/l  !  l\! 


A|'  I 

^  "A  «  -  *  * 


i  !  i  i  I  ! 

cA - L - ! - 1 - ^ _ 5 

^  f7  xy  2f  12 

rnlra 


fs!  sea  usj 
^■TsMStpsan^MOpiSa^  tf 


?iiure  5^-  irfec^  of  chraaiua  ia  the  Jisare  565  •  Corrosioa  resistance  of 
13  cs  21^  rang  'd  she  corrosion  re-  18-3  ste^l,  centoinins  5»2j&  So 


nickel  steel  in  boiling  65-tercent 

(a.)  corros2.cn  rate,  0»025 
nn/nonth. 


18-3  stetl,  centainins  5»2js>  So 

and  2^5  2  So^  ^ 

.V,,  £ 

versus  trabeatiisg  tesnerata^. 
(a)  loss,  ns; 

heating  tesperature,  C.  ■ 


rne  corrosion  resistance  of  hi^-chroaiaa  ferritic-aartensitic,  aa'^gl 
as  chroniun-nickal  and  ebrori  ut-nanganese-nickel  austenitic  steels,  as  has 
been  established  in  several  studies  /5?1,  7^3,  5?6»  ?♦  12^,  drops  »hen  the 
signa  phase  is  present  in  their  structure.  It  has  been  aeaonstrated  in 
case  site  a  steel  of  the  lahl6H5?  tjpe  /576»  ?.  12^,  that  the  drop  in  resist¬ 
ance  in  boiling  o5-?ercent  nitric  acid  is  ehiefljr  the  result  of  intensified 
*  cerrosien  of  the  sigua  phase  itself.  It  is  true  that  the  probahili^  of  ap¬ 
pearance  of  the  sic=a  phase  is  especially  great  in  steels  containing  an  in^ 
creased  anoant  of  chreninn,  those  of  the  Zh25aa5  tjpe  (see  Jig.  5%»).  Ho»- 
ever,  as  pointed  cut  cn  ASassian/  p.  56^»  foraatioa  of  the  Tig-^  priy<*  is 
greatly  facilitated  bgr  i-ccarities  and  by  aazy  additiosal  allc^ying  elenents. 
Shis  cakes  possible  the  appearance  of  the  sigsa  phase  even  in  a  steel  of  the 
13-3  type;  especially  if  it  is  additionally  alipyed  with  aolybdenua,  titaniua, 
etc.  In  particular,  in  the  paper  referred  to  ^7^,  in  vhich  intensified  cor- 
rasica  sf  steel  of  the  18-3  type  ccctaining  titaniu*  cue  to  the  signa  phase 
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_  .  . . a-'  -'-3  ras  ra'-’ored  by  iasigiuficcnt  qaaa- 

-,i-.iaa  c:  alaair-aa  aad  a  aor'.ica  of  -he  ^l^^aias,  «ics  is  converted  to  tne 
cc* '  c.  '■olctien  ■aeon  ccencsdr.r  fron  a  sigh  teiir-erat’*i~e«  Pismire  5^5  ^•■-,^7 
sr-ers  as  an  exarsple  the  sharp  crop  in  the  resistance  of  13-8  steel  ccntaia- 
ir.s  j.i;;  Ho  and  C.5tS  ei  in  25-?ercent  rali^irlc  z>:id  at  ine  to  fomatton 
of  tne  sijpni  phase  upon  heating  in  tne  cOC.t*  975**  tenoerature  rsnse* 

Increased  chenical  st  .ility  of  -taels  is  certain  nedia  con  he  achieved 
by  addititnai  alicying  of  the  steals-  She  g^^aatest  effect  is  produced  by 
nclvadenun  and  cooaer.  Holybdcrsn;  brings  ehoat  an  espacially  great  increase 
in  the  resistance  of  steel  in  boiling  nitric  acid,  as  «ell  as  in  a  sanher 


ether  nonarganic 


-ad  organic  acids  and  salt  solntiors,  particularly  in  sul¬ 


furic  acid,  at  elevated  ienperatures  and  in  bi^  concentrations.  In  Fic^c 
570,  in  uhich  are  shorn  ccaal  vei^t-loss  curves  based  on  the  data  of  vamoas 
researchers,  one  can  sea  the  special  acTantage  in  this  case  of  sinal- 


Ge~ 


taneous  introduction  cf  nolyhdesus  and  copper  into  steel  of  tae  13-3  tyne. 
Also  to  he  seen  fron  Figure  >70  are  the  external  coiiditions  {tenperature  and 
concentration  of  the  aggressive  nedinn)  vmder  xhich  each  of  these  elesenns 
individually  exerts  a  positive  effect.  Solybdenua  also  red’jces  the  teadeney 
of  the  steel  to  pitting  ^7^-  la  steels  desi£3ied  for  service  under  severe 
conditions  of  chenical  action,  the  aolybdech*  content  is  increased  alasst  to 
chd  sonetines  even  highfer.  Tne  ShlSSTlZSJ?  steel,  lAich  contnins  u?  to 
jjo,  nay  serve  as  ss  exanale.  Since  aolybdesua  contributes  to  fomation 
of  the  alpha  phase,  having  a  far  greater  effect  tn  this  direction  then  chrsn- 
iun,  to  oatain  a  sonopLase  austenitic  structure  tie  nickel  contest  in  the 
steel  has  been  increased  on  the  average  to 

^uneraus  studies  ba««  shevn  that,  in  order  to  ixpart  to  steel  a  high 
stnaiiity  in  solutions  of  sulfuric  acid  of  veah  end  nediun  consentxatious, 
especially  at  the  ccilisg  point,  it  is  necessary,  in  addition  to  alloying 
rith  nolyhdsnna  and  copper,  to  iscrecse  the  nickel  content  of  the  steel  to 
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Pigar^  570.  Sfrect  of  additional  slloying  aith  nol^bdesos  ard 
coT>per  on  the  resisnance  of  lS-8  steel  iu  sulfuric  acid  at 
various  teaperaturest 

a  -  16^8;  b  -  iS-6  -*■  3Io;  s  -  18-3  *■  Ca;  d  -  16-6  i!o 

+  Ca.  rae  figures  on  the  carves  indicate  lasses  ia 

'2  ^  . 
g/a  per  txeatv-rour  acars. 

(a)  teaperatare,*  u. 


quantities  greater  than  these  required  for  obtainisg  steble  austenite.  ?he 
coaparisan  of  the  stabili^  of  various  steels  in  sulfuric  acid  at  the  boil¬ 
ing  point,  as  shoun  in  Pigure  571  indicates  that  a  very  great  effect 

is  achieved  even  upen  transition  fraa  18-12-5-2  to  8-18-5-2  steel  (the  third 
figure  is  the  nolycdenun  content  and  the  fcarth  that  of  copper).  She  latter 
is  close  in  cenpositien  to  tho  steel  proposed  "bj  lu.  A.  Sekhendsi  But 

steeds  containin5  over  2^  Si  have  an  even  higher  stability  under  these  nen- 
ditiens.  S:is  corresponds  roughly  to  a  concentration  of  2/8  aolc  nickel,  at 
vhich,  according  to  Pigare  555,  the  nickel  exerts  its  greatest  positive  effect 
on  the  stability  of  sted  in  sulfuric  acid. 

ihft  urincidie  of  siruitanecus  alloying  with  nickel  in  an  aussnt  now 
lower  than  2/s  noie,  nolybdeuun  in  the  asaunt  of  2  tc  4?^,  and  5  to  43~  copper 
is  *he  basis  of  the  steels  developed  in  recent  years  at  hone  ore  abroad  wh:  c>-- 
pcsscss  tne  fesisJsrce  in  solutions  of  sulftaric  acid  in  high  concen¬ 

trations  and  at  elevated  tenpcrcturcs.  Sranules  of  such  steels,  in  which 
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-..5  --:':c-r-=r.cc-=  ir.  corip^ci'-icr.  ^e,  sr-  '.h^  «ole,  r.o  lender  fandeiental,  are 
-- Y-^*'  - »■  "1*'-^  'O'  "‘■‘Go*  "  s.^blc  •0*r£j"d  buz  otouGj 

•---;-e=ially  ur-cer  csrislr.  rcldir-y  candi^ior-s,  zo  intercryscailir-e  corrssion.  The 
sensitivity  tc  intercrystalltne  corrosion  is  eiininated  nnca  introcnctioa  o; 

---•  ^  V-  cr  =icai_n  into  the  steel.  The  Sh25M27.i22  and  2CS  steels  nay  be  cited 

as  cxat-tlcs.  The  latter  is  a  version  of  the  Anerican  20  steely  into  Tnich  mo— 
binn  (Colttnblsin,  Cs)  is  int-  -duced.  The  i5i25H2S}£535  (31629)  steel  possesses 
hi^h  resistance  to  intercrystalline  corrosion.  As  regards  their  resistance  to 
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•igare  571-  Corrcsica  ov  variously  al¬ 
loyed  steels  in  sulfuric  acid  of 
varying  coneeittration  at  the  boil¬ 
ing  point-  Length  of  test  period 
ICO  hours: 

i  -  ahl8X9?j  2  -  S-IS;  3  -  18-12-5; 

4  -  16-12-3-2;  5  -  e-ie->-2; 

6  -  16-13-6-2;  7  -  16-25-5-2; 

.  8  -  18-28-5;  20-28-5-3t 

18— 25— ^—2; 

2 

(a)  corrosion  rage  g/s  /  hour; 
(o)  conoentration  of  HgSO^,  56- 


general  corrosion  resistance  is  illustrated  'zj  the  curves  of  Sigare  571 
for  a  ceneentration  of  up  to  20^  at  the  boiling  point.  Steel  1  (Table  IO5) 
at  concentrations  of  up  to  about  50^  asd  a  tenperature  of  up  to  60°  nay  be 
characterised  as  resistant  (ueight  losses  0.01  to  0.1  g/n*’/  hour)  or  very 
resistant  (losses  fron  0.001  to  O.OI  g/s  /hour,  and  at  higher  tespsratares 
ar  having  lorer  resistance  (losses  firen  0.1  to  1  g/n^/hour)  /see  875*  Table 
J/-  3ata  are  cited  ^6^  Tor  the  Anerican  steel  (5  da  Table  105)  drsa 
uhioh  it  is  to  be  seer,  that  uith  respect  to  the  resistance  in  10-percent 
sulfuria  acid  at  the  boiling  point  it  is  approiisately  10  tines  superior 
to  steel  of  the  13-12-5  type  (and  even  nore  so  in  hi^er  concentrations 
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■■-r.c  a*  Ictc-r  Zr.  Cerr.asr,  horever,  is  is  f-^is  j^ee  770/  shas 

o7.-y  la  rare  inssaasc-s  docs  iss  sreaoer  resissaaoe  *iisziry  ios  higher  cost,  in 
ccaoaroscr.  nth  the  iS— is— 2— 2  steel  eaeloved  there* 

?aal5  103 » 


Ca&aical  Cortesitisn  (average),  jS,  of  Austesilic  Steels  Possessing  High 
heaistar.ee  in  Suit'^iric  Acid  So2utio.is  in  Eigh  Concentrations  and  at 

Elevated  Penperatures. 


of 

.-•tael 

c 

!  Si 

mo 

Cu 

‘Country  |  Designation 

1 

Source 

lie  zo  0-1 
* 

25 

25 

5 

j  Ebf.5a25Jc535 
DSSH  j  {31355) 

/bW 

up  to  0-1 

IS 

23 

5 

5 

j  anl3S282!5Ds 

£&(>y 

5 

up  tc  0-0? 

20 

25 

2 

3 

I  20 

ESA 

1  CK-TH 

/862. 

4*-| 

up  to  0-07 

20  I 

26 

2.5 

M 

Cast  steel. 


Partner  increase  in  the  resistance ‘in  hot  solfdric  acid  is  achieved  hy 
increasing  the  nickel  content  to  asorst  j/S  mole.  As  as  exeaple  »e  nay  cite 
a  steel  containing  cn  the  average  O.Opg  C,  0.4jS  Si,  O.og  Hn,  21*5  Cr,  4051  Si, 
5i»  i£o,  anc  i.7yi9  Cu,  nhich  is  stable  in  hot  salitxic,  nitric,  and  phosphoric 
acids,  in  boiling  concentratea  acetic  acid,  etc.  It  is  true  that  such 

s-eei  already  contains  more  nickel  than  iron,  end  has  accordingly  been  texsed 
'•nicnci-.  It  nay  be  considered  as  transitional  to  the  nickel-based  all^s. 

The  positive  effect  of  copper  and  solybdenan  on  the  chemical  stability 
cf  steel  in  certain  nedia  is  related  to  their  salation  in  the  basic  mass  and 
according  to  A,  I.  Shultin  Jjt-l'iJ  can  be  explained  on  t?>e  basis  of  the  prin¬ 
ciple  of  “secondary  electrochemical  exchange".  If  the  steel  is  alloyed  vith 
copper  or  roiybdcsaa,  at  the  points  of  defects  in  the  passivating  film,  ions 
copper  or  moiybdenum  also  pass  into  solution  simultaneously  vith  the 
ions  o.  .ne  case  metal,  i.e.,  the  crystal  lattice  is  entirely  destroyed.  S:e 
corrosioii  process  may  subserasntly  proceed  “in  exchange"  both  for  the  hydrogen 
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OS  -r.«  sun'acs  of  S.  5<i:ic.shov  jiad  others  (s^e  ^ujsia^  p-  597  i  as¬ 

cribe  tr»e  positive  eiTect  or  copper,  as  veil  as  of  other ’fcathcdic  adaiitures*’ , 
to  the  fact  that  they  ccrtrihiite  tO  stronger  anodic  polarization  of  the  oasic 
ar.cde  bachgrcund  in  the  s;ructnre  of  the  steel,  and  by  virtue  of  this  facil¬ 
itate  the  tr  isition  of  the  latter  into  a  stable  passiv-i  state.  Kote  that 
in  discussing  this  question  on  /^ssia^  pa£e  597»  also  suggested  the  pos¬ 
sibility  of  a  different  explanation  of  the  positive  role  of  the  effect  of 
noble  aiiojing  elenents,  on  the  basis  of  the  purely  "solution- type"  nechani^ja 


osidizsr;:.  Ski.&i.l.iy  .-T  alloy  2  in  hydrochloric  acid,  on  -he  other  nsnd, 

crops  sharply  uosr.  she  addiiion  oi  oxidizers.  lievertheiess,  under  certain 
less  severe  cor.disions  v-  " nyeo  auszenisic  sseel  containing  nolybcenun  and 

copper  Is  net  too  inferior  to  the  Hastelioys  in  chenicai  stability,  as  nay  be 
seen  iron  data  given  later  /S77»  -able  147  on  the  corrosion  of  the  several 
steels  and  alloys  in  78-nercent  sulfurio  aoid  upon  addition  to  the  latter  of 
sulfonatlon  arc-ducts. 

liable  1C4 

Chenicai  Cenposition  and  Hechanical  Properties  of  Acid— 3esistant 

Hickel-based  Alloys 
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Corrosion,  0.001  iaca/year 
at  27°  at  60° 


Steel  516  (i6-lSS  Cr,  iO-l4s6  Hi, 

2-55i  Ho) .  0.2  20.0 

Hastelloy  3...........  -  C.6 

C««»******»»  *  AW? 

steel  20  (p  is  “able  lOy)  ....  Hone  5.0 

Hikonel  .............  Sene  8.C 


It  nust  be  borne  in  nind  that,  especially  an  velding  or  service  at  an 
elevated  tesperature,  these  alloys,  as  cay  be  seen  froa  plgiue  372  QvSj  t 
tend  torard  prscipitaticn  hardening  (Jig.  572a)  due  to  the  aetaliic  fusion 
of  the  nickel  trith  nolybdenaa,  this  being  accoepanied  by  decrease  in  their 
acid  resistance  (Fig.  572b).  Heating  at  iOpO  to  1075°  for  alloy  2  and  at 
il25°  for  alloy  5  pins  air  cooling  is  recoanesded  as  "stabiliaing*  trcatcest. 
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Sieels  contai^irig  a  raoicec  aasimt  o?  nickel  and  in  point  of  tlieS  r 
s-~ucture  ocanpying  a  nosltt~~».  interneeiate  between  the  austenitic  and  fer¬ 
ritic  or  seni-ferritic  steels  have  been  developed  in  recent  years  and  already 
tut  to  practical  use  to  a  certain  extent.  In  order  to  increase  their  resifit- 
ar.ce  in  dilute  sulfuric  acid,  such  steels  are  generally  additionally  alloyed 
rith  nolybdcnu-.  Such,  for  exanplo,  are  steels  containing  175=  Cr,  Si,  and 
vji  Cu  /309,  S5^,  those  nith  17^  Cr,  4.2S  Ki,  and  k.7555  lio  £67^*  aad  aigh- 
cnroniun  steel  containing  nickel  and  nolybdenun.  Concerning  the  first  t«o, 
see  £Hussia^  p-  655.  xhe  third  steel  is  enployed  in  the  USl.  'onder  the  desig¬ 
nation  529t  i.e.,  it  is  classified  as  an  austenitic  steel  of  the  3C0  series, 
and  tot  a  ferritic-t:arsensitic  une  of  the  400  series,  because  of  its  higher 
nickel  content  fSTf] ,  Tr.z  cospositicn  of  this  steel  is  up  to  O.l'g  C,  25  to 
2S^  Cr,  5  to  5?:  ji,  snd  1  to  250  Ho.  Its  structure  at  roou  tenperature  in  the 
annealed  state  consists  oi  ferrite,  carbides,  and  20  to  40?^  stable  austenite, 
uaich  is  fomed  upon  cooling. 

According  to  available  infomation  --e  529  steel  is  not  inferior 

in  resistance  to  general  corrosion  in  nitric  acid  to  steel  of  the  lS-8  tyne, 
and  excels  the  latter  in- resistance  in  sulfuric  aci*^,  chiefly  besanse  of  the 
nolybdenus  it  contains.  At  40®  in  the  annealed  state,  it  possesses  the 
resrstance  in  10— percent  sulfuric  acid  as  does  ehr.-CT'inr»— rVai.— ?>•}—>»!» o-wn— 
steel  of  the  16-12-5  type.  Sol-ding  in  the  6C0  to  850®  range  leads  to  fema- 
tica  of  the  signs  phase,  and  this  Ujiy  be  utilised  to  strengthen  the  steel  by 
precipitation  naidening  {see  ^assia^  p.  62?  snd  ?ig.  382),  2ut  its  cor- 
rcsion  resistance  decreases  appreciably  in  this  case.  ?his  steel  is  used  in 

« 
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IS  so-’-.r.ir.^  to  be  usee  ir.  o^her  coascries  as  a  fair- 
.roductios  or  acetic  acid. 
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Lsure  572.  afreet  of  ieuBeris^  (for 
25  hou-s;  horever,  the  effeatis 
also  obsc~/ed  rita  shorter  aoid— 
ing)  after  quenchiag  on  the  alti- 
rate  strength  (a)  and  resistance 
in  boiling  10-psrcent  hydrochloric 
acid  (b)  of  alloys  based  on  nickel 
(conpositicn  and  properties  indi¬ 
cated  in  ?able  104).^  Quenching 
conditions:  1  -  1175  >  15jj2i«*» 


n 

JJ 

r 

J 

□ 

ii: 

I 

\ 

I 

ijn 

j  1 

i  L 

J 

r 

v 

i 

f/ 

• 

[M 

Ia- 

1 

2 

u 

7 

n 

;iater;  2  -  sane;  5  -  IISO  »  15 
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(1)  d.^t  (2)  rei^t 

losses,  s/n’/iiaar^  (5)  tenser¬ 
ing  tenperature,  °C. 


537  sa  too 

’^euntfaajps  csxjtta.-c 
5 

3.  I.Kr2HC3fSfALLIX2  CCHSCSIOK  0?  IS1ISLSS3  AKD  iCID  HSSISSIS?  S2SSLS 
Priacisal  shenonena  and  factual  data 

Intercrystailine  corrosion  is  one  of  the  nest  dangerous  ferns  of  cor¬ 
rosion,  since  it  leads  to  weakening  cf  the  bond  between  the  grains  of  the 
steel  and  to  a  sharp  drop  in  its  piaotici^  and  ductili^.  Although  nany 
nethods  of  establishing  the  tendency  of  steel  torsrd  intercrystailine  corrosion 
have  been  standardized  in  various  countries,  the  problen  of  a  reliable  proced¬ 
ure  is  far  fren  solved  and  is  undergoing  discussion  Slroa  the  stand¬ 

point  of  the  nature  of  the  phenonenon,  it  is  iaportent  to  note  that  in  a  nun- 
oer  of  cases  steel  is  found  to  be  resistant  to  intercrystailine  corrosion  in 
enc  aggressive  nediun  and  not  resistant  or  less  resistant  in  another. 

Austenitic  chroniun-nickei,  chroaita-ranganese,  end  chronius-iranganese- 
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?erriLic  steels  ^ae  ?94,  &al/  iecc-se  sensitive  :o  istcrcrystfi-liine  cor- 
raaisn  or.ly  a.riar  ~a.3id  cooXi^ot  foT  esaiiplfe  in  ~a.-sn  on  fncn  a  ■tenper‘»i— 

^ure  aco*.'e  5C0  to  $'25*^ •  Aitt_  slo=  cooliss  iTrca  the  case  temperatures,  tae 
steals  CO  not  have  this  defect.  Zt  has  heen  shorn  ./793/  t— at  after  very 
ranid  cooling  as  veil,  the  steels  are  not  prone  to  Intercrystallrne  corrosion. 

rectify  the  condition  of  ferritic  steel  vhich  has  oecone  sensitive  to  in— 
tercrystsliine  corrosion,  it  is  sufficient  to  heat  it  for  5  to  5  ninutes  at 
a  tanperature  of  opO  to  600*^. 

CharacteriEtic  of  ferritic  steels  is  the  very  slight  dependence  of  their 
tendency  torard  intercrvstaiiine  corrosion  on  tha  carhon  content.  Steels  ccn— 
taining  only  about  0.01*5  C  /?9i7  and  even  O.CO^  C  have  also  seen  found  to  he 
sensitive,  if  the  eaantil^  of  nitrogen  in  then  is  greater  than  0.01^ 

TTith  a  high  chroniun  content,  fluctuations  over  the  0.05  to  0.12^  C  Tzzir^ 
have  little  affect.  According  to  certain  data  ^9^,  discussion  in  79^s 
effect  of  chroniun  is  naaifcsted  in  the  circunstance  that  rith  increase  in 
its  content  there  occurs  a  rise  in  the  heating  tenperature,  a  drastic  quench 
vhich  inparts  to  steel  a  tendency  toxard  intercrystaliine  corrosion.  Accord¬ 
ing  to  other  data  a79^»  chroniuE  h=u;  no  effect  on  this  tenperature.  She  di¬ 
vergence  is  prooahiy  to  .he  ascrihed  to  the  differeut  percentages  of  carhon, 
nitrogen,  and  inpurlties  in  the  steels  studied  ay  different  authors.  Chren- 
iun  should  exert  a  greater  effect  on  the  “critical”  tenperature  at  a  hi^er 
percentage  of  carbon,  nitrogen,  etc.,  inasmuch  as  soluticn  of  the  chroniun 
phases  apparently  occurs  upon  heating.  The  rate  of  intercrystaliine  corrosion 
increases  sharply  vith  coarsening  of  the  grain,  as  nay  he  seen  fron  Figure 
J?>  Z79^  a  steel  rith  0.0%^  C  and  25jS  Cr. 
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S*iC--e  5?5.  riate  of  istarcrys^aliine  cor- 
rcsion  (i«i  &  solution  of  phosphoric 
acid  riih  ccoj^tr  sulfaio)  of  hish-chro=- 
iui  stc-ei  coszaisins:  25ii  Cr  and  0-044^  C 
versus  trails  size. 

(aj  corrosion  raze,  zr./hai.r; 

(a)  grain  diazezer,  ^  . 


«  la  *0  so 
iOAaottsy 

In  cantrasz  zo  zhe  ferrizic  steels,  auszenizic  steel  of  the  Shl8K9  ijpc 
is  not  z-rona  to  inzcrcryszaliine  corrosion  after  cticnching  fror  iOpO  to  1100° 
and  accaires  -his  zcndencj  as  a  result  of  suosecnent  heating  (teapering)  over 
the  eiO  to  850°  range.  She  sensitivity  to  intercrystailine  corrosion  accrired 
by  a  steel  as  a  result  of  heating  in  the  zenpsrature  range  indicated,  is  high¬ 
ly  deyendeat  on  the  length  of  the  heating  period  gnn  passes  throng  a  rOTCzrun- 
She  hir.etics  of  deveiopnent  of  the  processes  inparting  to  steel  a  tcnden^ 
torard  intercrystalline  corrosion  and  inmnity  to  it,  versus  the  heating  tsa- 
pcrazure,  is  shczn-  in  ?igure  574a  and  in  Kgare  574b  Cnrvo  1 

5.-0  ; 

_ 


5  ^ri 


_ _ 
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•y  Bpltta.  teas. 
6 


Figure  574.  Effect  of  heating  (ten- 
peringj  tcnpcrature  and  length  of 
holding  period  on  the  developndnt  of 
procsssss  causing  intercrystalline 
corrosion  in  austenitic  steel: 
a  -  schezatic;  b  -  Sh?0Hl4s2; 

(1)  tenperature,  °C;  (2)  region 
of  islercaystaliine  corrcsios; 

(5)  tine;  (.4)  tine,  ninutes; 

(5)  t. 
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Slsure  57o*  Srfecr  or  carbon  cement 
on  tendency  toward  intercrysts'*  line 
corrosion  cf  chroniun-nicKel  and 
chronina-nanganese-nickel  steel: 

1  -  steel  contnining  18  tc  2C^  Cr 
and  8  to  11%  Hi;  2  -  steel  contain¬ 
ing  17  tc  19%  Cr,  4  to  6%  Hi,  7-5 
to  10%  Kn,  and  up  to  0.25%  K 
(steels  202  and  204,  Table  102); 

(a)  corrosion  rate,  0.025  sa/ 
sontb. 


tnsensi  vive  to  tntercrjrstallt-ne  corrosion  up  to  a  hignsr  carbon  content  than 
are  the  chroriui-aickel  steels,  CTecificailj-  to  around  0.08%  C,  as  is  to  be 
seen  iron  Sigara  576  /s?!?-  Respite  the  lade  of  ^stesatic  studies  on  tbe 

®  cuantity  01  nickel  itseli,  there  are  certain  grounds  for  believ¬ 
ing  tnat  as  its  percentage  rises  tee  tendent^  of  the  steel  touard  intercrystal- 
iine  corrosion  is  intensified  soneanat,  other  conditiozis  being  equal. 

?ne  tendency  of  austenitic  steel  to  intercrystalline  corrosion  is  af¬ 
fected  or  otner  factors  besides  tbe  cherdcal  ccaposition.  A  poveribl  nega¬ 
tive  eiicot,  as  uitb  ferritic  steel,  is  exerted  iqr  coarsening  of  the  grain, 
and,  accordingly,  by  a  rise  of  the  quenching  tesperature  abuve  the  ootinun 
/see  505,  79s/.  The  factors  exerting  a  positive  effect  include  presence  of 
tnc  alpha  phase  in  the  structure.  55ie  infoxnation  on  the  effect  of  the  signa 
pnase  is  contradictory.  According  to  sone  sets  of  data,  it  contributes  to 
intercrystalline  corrosion  in  the  event  of  precipitation  of  grains  along  the 
boundaries,  anile  in  other  studies  it  has  not  beta  found  to  have  a  hamful 
effect.  Considering  the  diversity  of  the  factors  vbich  can  affect  the  re¬ 
sistance  of  steel  to  intercrystalline  cerrosion,  this  disagreenent  nay  pro- 
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ligux*  377*  IntcreisratalliiM  eoxxoaioK  (ia  m.  aolation  of 
lO^percant  SIO,  aad  3'PcrcoBt  IP)  of  ooldod  jointss 

a  >  steel  coataiauis  18  to  20tt  Cr  ami  8  to  !!)(  Ii| 

%  •  steel  ooataliiiad  1T%  Cr. 

srs  IkelisTs  that  iatexexjrstalliae  eorrosioa  das  to  prseipitatiOB  of  tko  si|pa 
phase  oa  the  graia  hoesdaxies  asaifssts  itsslf  oalj  ia  a  teiliac  65-paresat 
sslatisa  of  altris  sold.  Ilaatio  dofozaatiOB  ozarts  a  sahotaatial  poaLtiao 
offset  oa  the  resiataaos  of  stool  to  iatorexy atal  lias  eexzosiea. 

fho  teadeaoy  of  stool  to  iatoroxystalllao  eorrofloa  io  of  groat  laporW 
aaeo  -for  artielos  ia  serrico  ia  tho  taapozatazo  rasgo  idiieh  io  dangoroua  fro« 
the  staadpoiat  of  this  phcaaaeaoa,  hat  of  o?oa  greater  iaportaaeo  for  arti¬ 
cles  ^eh  are  aahjaetod  to  voldiag.  Qae  of  tho  foataros  of  hi^i-ehroaiaa 
forritio  stools  lies  ia  tho  fast  that  aoldod  joiats  produeod  froa  thoa  sro  awt 
attacked  hy  iatorcxystalliao  eorrosiea  at  a  cortaia  distsaeo  frea  the  joiat 
hat  ia  the  soao  iaaediatoly  adjaeoat  to  itf  sUeh  aoy  ho  sooa  froa  tho  illns- 
tratioa  ia  Pigaro  377  /79^»  this  is  apparoatly  oxplaiaod  Vf  tho  foot  that 
forritio  stools  are  Mhjoct  to  iatororystalliao  eorrosiea  oaly  after 
to  tosporataros  ahoro  900  to  925**  Sooover,  this  offset,  for  roaaoas  not  yet 
clear,  is  soaetiaos  ohservod  ^9^  ia  aoldad  Joiats  of  aastoaltio  stools. 
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’^.cier.z  siudv  as  yet  beea  devoted  to  the  coscejjtration  occasionai- 
in  austenitic  steels  of  general  corrosion  in  a  narror  zone  on  the 
treen  the  ycint  and  the  base  retail  it  having  been  naned  "ksilc— 
read— like"  corrosion  in  the  foreign  literature  (kni'^Ciine  attacki 
tkcrrosion). 


aliaination  or  substantial  redaction  of  the  tendency  of  austenitic  steel 
tc  ^ntercrystalline  corrosion  is  possible  in  principle  by  several  ncthcds. 

I— a  first  aethsd  consists  in  Icsering  the  carbon  content  cf  the  steel  to  the 
lint t  of  its  solubility  at  rcon  teaperature,  i.e.*  to  0.02  to  O.Oy^*  Sich 
steels,  rhich  rere  previously  relted  in  suall  iniantities  only  in  induction 
furnaces,  particularly  in  vacuo,  frcs  the  wastage  cf  chronian-nickel  steel 
[^vU'  have  in  recent  years  been  uelted  in  large  electric  ore  furnaces  and 
poured  into  ingots  reighing  up  tc  7  tons  /7?5»  ?9^« 

^?his  is  achieved  hy  bioring  oxygen  througii  the  bath,  the  eaploycent,  in 
the  fam  of  fine  granules  {this  accelerating  solution  2  to  3-i’old),  of  special 
ferrochrcuiun  containing  no  none  than  0.02Ji  C,  about  ^  Si,  approxinately  655 
Cr  and  a  certain  anonnt  of  silica,  95-peroent  electrolytic  ferrosanganese,  and 
careful  reguzaticn  of  the  pouring  tenperature.  Additional  reakening  of  intcr- 
crystailine  corrosion  is  achieved  '-as  brief  heating  of  the  velded  joint  of  this 
steel  uith  the  aiu  of  relieving  the  residual  stresses. 

Certain  acid-resistant  steel  uith  a  very  low  carbon  content  have  already 
been  standardized,  re  nay  give  as  examples  the  Aserisan  steels  30^I»  contain¬ 
ing  18  to  20%  Cr  and  8  to  1^  Si  and  the  3261,  containing  l6  to  Cr,  10 
to  14%  Si,  and  2  to  55  Ho.  ^uiicb  differ  fron  the  sisilar  steels  50^  and  516 
only  in  that  they  contain  no  nore  than  0.035  C.  Auong  the  carogiun-nan ganese- 
nickel  steels,  such  a  one  is  the  204L  steel  cited  in  Table  102,  which  differs 
frog  steel  204  only  in  its  content  of  ^O.C65  C.  Studies  show  ^00/  that 


in  tne  report  oy  H. 
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/“ite  796/,  steels  adaiticnslly  ailcyed  rith  titanium  have  bees  jiUt  to  the 
vicest  tscust^rial  use  as  chemically  stable  steeds  tom  velded  and  s^.^^c-* 

tures-  Horevem,  titaniaa  becomes  very  strongly  oxidised  an  reldea  joints  tri-n 
no  protective  ncdiun  present.  Hence  celded  joints  are  usually  alloyed  tri.h 
niobiunj  even  ^hen  the  steel  itseli  is  alloyed  uich  titanitm  ratner  ta^n  nio* 
biun.  But  since  niobiunf  ^hen  contained  in  the  joint  in  amounts  up  to 
contributes  to  the  rornation  of  hot  cracks  ^ee  79^»  “i*®  possibility  referred 
tc  above  of  innuniaina  ceided  joints  to  intercrystaliine  corrosion  by  alloy— 
in?:  then  vita  ferritiaing  elements  accuires  special  icportance. 

Of  the  steels  alloyed  uita  titanius  the  most  ridely  used  is  that  01  the 
lHhlS35t?  type.  ?he  heat  treatsent  adopted  for  it,  consisting  in  cuencning 
from  1050  to  1100°,  is  designed  ts  combine  hig^  plasticity  and  toughness  Jtith 
high  corrosion  resistance. 

Instances,  horever,  have  been  registered  Then  even  steel  alloyed  sith 
titanium  is  subject  to  intercrystaliine  corrosion.  7he  opinion  * 

conformed  by  experiment,  has  been  z£iVss.<iBS.  that  the  sneunt  of  titaniua  de¬ 
termined  from  the  stoichiometric  ratio  for  its  carbide  is  inadecuate,  since 
not  all  the  titanius  is  bound  by  oarten,  and  a  pc.^iicn  of  it  is  to  be  found 
in  the  solid  solution,  oxides,  and  zd.trides.  But  such  phenoaeca  are  observed 
even  in  steels  in  rhich  the  quantity  of  titasiUB  is  far  in  excess  of  the 
stoichiometric  proportion.  Hence  special  attention  has  been  devoted  in  re¬ 
cent  years  to  the  conditicr.s  of  heat  treatment  of  steels  alloyed  rith  titanius, 
and  it  has  been  recommended  /jS9t  801,  576*  P»  12^  that,  in  place  of  quench¬ 
ing  frem  the  esnventionai  teaperatures  of  I050  to  1100°,  it  be  subjected  to 
stmbiliming  treatment  from  850  to  900°  (or  soaeidiat  higher)  accempanied  by 
rater  or  air  cooling,  if  especially  hi^  plastic!^  end  ductility  values  are 
required  of  the  steel. 

significance  of  stabilising  treatment  lies  in  the  fact  that  at  hi^ 
temperatures  a  part  of  the  titanius  carbides  passes  into  the  solid  solution. 
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jlI  is  ;g  se  seen 


i-des  ie£:ir.s  s.z  a.- 
•-r.e  Golid  solution 


-v5:'xr.j  earc:.£;e-rsr; 


ad  reiat-ively  io* 


roa  ?i;,-i:re  5?3  /7557»  solution  of  tiianiun  car- 

aroxiaaxely  900°.  uhen  the  steel  is  quenched  ahove  900°, 
rhica  as  satersaturated  uith  carbon  and  contains  tuo  si- 
nine;  eleaeats,  beccnes,  consequently,  fixed.  ?ron  consider- 
lodynaaic  and  kinetic  factors  goternin^  me  deconposttion  of 
■tea  solid  solution  {see  ^us3ian7  p.  17^)  i“  follo-s  that 
teateratur  (for  the  given  ystes),  chroaiun  carbide  aust 


be  precipitated.  A  rise  in  tenparing  tcaperature  aust  cause  the  separation 
of  a  aixture  of  chroaiut:  and  titaniua  carbides,  to  be  followed  by  precipita¬ 
tion  of  titaniua  carbide.  In  fact,  it  has  been  established  experiaentally 
n9Q/  for  a  s-aei  of  the  18-8  type  containing  0.07^  C  and  0.4^  2i  and  quenched 
froa  900  so  1500°,  that  principally  chroaiun  carbide  and  only  a  snail  aeount 
of  titaniua  carbide  are  precipitated  upon  subsequent  heating  at  600°.  At 
700°,  the  carbides  of  chroaiun  and  titanius  are  precipitated  sizailtaneously, 
and  at  600  the  aaount  of  chrozn.un  carbides  decreases  and  that  of  titaniun 


carbides  increases. 

Cencequently,  the  stabilizing  treataent  at  650  to  900°  consists  es¬ 
sentially  in  the  fact  that  after  such  treataent  only  titaniun  carbides  should 
be  present  in  the  basic  nass  of  austenite,  whereupon  the  steel  should  not  ho 
prone  to  intercrystaliine  corresicn.  after  heating  in  the  dangerous  tenperature 
range.  ?he  resistance  to  general  corrosion  in  certain  nedia,  particularly 
boiling  nitric  acid,  as  sa.j  be  seen  fron  Sable  105,  drops  only  slightly  after 
stabilising  treataent  as  coapared  with  quenching  fron  1100°,  shile  it  in¬ 
creases  several  tines  if  the  steel  is  subjected  to  additional  tespering  at 
650°.  Shis  is  an  additional  hi^ily  inportant  advantage  of  the  stability  trsat- 
aent  over  canvehtional  treataent  (quenching  fron  IO5O  to  1100°). 

oe  shall  note  in  passing  that  the  increase  in  the  solubility  rith  ioz- 
ering  of  the  quenching  tenperatxnre  justifies  the  conclusion  that  titaniun 
carbides  lorer  the  general  corrosion  resistance  of  steel,  althou^  sore  faintly 
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carbidtfS 


foiic^To  fron  vhe  fact  of  a 


:rease  in 
lei.  frcn 
and  tdta* 


Cn  ihe  oiher  hand,  it 

/•  -  o 

^tolubility  after  additienal  tempering  at  o5^‘ 
enpc-rataras  above  9t'0°},  that  the  presence  of 
;iias  carbides  ir  a  definite  caantitative  ratio 


(if  the  steel 
a  nixtnre  of 
has  the  nost 


Figare  578.  Sitanitaa  content  in  the 
carbide  phase  of  lKhl6S92  steel 
as  a  function  of  the  quenching 
tesperature  (s;eits  I  and  II). 

(a)  Ti  content  of  carbide  phage, 
(i>)  quenching  tesperature,  C. 


-Additional  alloying  trith  titanius  is  also  the  principal  ceans  of  lower¬ 
ing  the  tendency  torard  intercrystalline  corrosion  for  ferritic  and  seni-t 
ferritic  ebroniun  steels.  An  exanple  is  given  for  17-percent  chroniua  steel 
in  figure  5?9  ^532/ .  She  data  are  conflicting  as  regards  the  effect  of  nio- 
biun.  She  data  also  disagree  as  to  the  caantity  of  titaniun  which  mist  be 


figure  579.  effect  of  additional  alloy¬ 
ing  rith  titaniun  on  intercrystal¬ 
line  corrosicn  of  ehi7  steel  in 
boiling  60-percent  nitric  acid: 

1  -  Khl7  steel  with  no  titanias: 

2  -  Khl7  steel  containing  titan- 

iip;  2 

(a)  corrosion  rate,  g/a  /  hour; 

(b)  heating  te=perature,®C. 


no  too  900  toootm 

.jVM2tfe0a,’C 


intr-cduced  into  steel  in  order  to  prevent  intercrystalline  corrosion.  Since 


in  ferritic  steels  carbon  exerts  an  effect  even  when  contained  in  very  snail 
percentages,  apparently  because  of  its  negligihle  solubility  in  ferrite  at 


roon  tenperature,  the  anount  of  titaniun  cast  he  sufficient  to  bind  all  the 
carbon-  Moreover,  there  is  justification  for  sssuning  (see  ^ussia^  p.  627) 
that  the  responsibility  for  ths  tendency  of  rerritic  steels  to  interciystaliine 
corrosion  is  borne  not  only  (and  possibly  not  so  such)  by  the  carbides,  bat 
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:.l.z  by  ;he  nirri.ss,  ■shich  are  irecipizaced  tiicrg  rhe  grain  boundaries.  Con- 
cec-er.ily,  tivar.iun  shtuid  also  bind  the  nitrogen  In  stable  nitrides.  It  is 
tr.us  to  be  expected  that  the  ninisun  enount  of  titaRinn  should  be  greater 
tr.an  in  austenitic  steel. 

It  is  possible  that  the  *’ncrnai"  nitrogen  cor tent  of  steel  —  not  al- 
~i~y^  taken  into  account  —  is  one  of  the  reasoiLs  for  the  disagreenerit  of  the 
aata  on  the  necessary  anount  of  titaniua.  Also  Of  great  inportance  ir  the 
conpositicn  of  the  aediun  in  uhiah  the  test  is  conducted,  ^hus,  according  to 
certain  sets  of  data  /SO^,  rhich  pertain  to  a  steel  containing  IJH  Cr,  in 

Sable  105. 

a-iect  oi  Concitions  of  neat  -Sreatnent  of  lEhl6S9S  Steel  on  seight  loss* 

2 

g/n  /Hour,  in  Boiling  Kitric  Acid 


neatang  teeperature. 


i 

iieo  j 

1000 

j  350 

0 

0 

ON 

-J 

1  850 

“T - 

I  800 

"I - 

1  ScRirce 

0.97 

10.1 

1-0 

6*6 

1.0 

2-9 

'dater  cooling 

1.1  1.1 

2.5  2.5 

til 

/6017^ 

0.256 

15,500 

- 

- 

0.262 

0.410 

0.290 

0.462 

- 

/7997^ 

Air  cooling 

- 

- 

- 

0.290 

0.455 

0.568 

- 

She  nunerator  denotes  no  additional  tenuering,  the  denominator  indicates  ad¬ 
ditional  tenpering  for  tro  hours  at  650°. 


"i'^  hours  in  65-?ercent  acid. 


100  hours  in  60-percent  acid. 


order  to  eliminate  the  tendency  toeard  intercxystalline  corrosion  in  a  10- 
peresnt  solution  of  sulfuric  acid  and  copper  sulfate,  it  is  sufficient  for  the 
Bi:C  ratio  to  be  sonerhat  greater  than  5sl-  According  to  other  data 
tnis  ratio  saould  he  greater  than  6sl;  and  according  to  a  third  set  of  data 
/7S^»  greater  than  8:1.  Yet,  in  boiling  63-percent  nitric  acid  the  steel  is 
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ic-nsitive  lo  intc-rcrysiailir.e  corrosi;r.  eves  5i^h  z.  ?i:C  ^a^i3  greater  than 
17-1.  It  is  issortast,  aareover,  to  note  /79^  .hat  trtasiua  does  sot  at  all 
entirely  elialsate  the  tendency  or  ferritic  steels  to  intercrystalli-e  cor¬ 
rosion,  hat  screly  elevates  considerahly  the  loner  heating  tespsratnre  after 
rapid  cooling  fron  jhich  the  steel  aeqaires  this  tendency. 

In  connection  nith  the  highly  probaole  assuiiptioa  referred  to  above 
that  in  ferritic  steels  the  ‘trides  precipitated  along  the  gram  boundaries 
are  also  responsible  for  interciys-alliae  corrosion,  it  is  to  be  expected 
tnat  other  elerests  than  titaniaa  nhicb  fora  sSabls  nitrides  aust  also  re¬ 
duce  the  tendency  of  ferritic  steels  iov'ard  iatexcrystallisc  corrosion.  Such 
an  effect  cay  je  assured,  fer  exaaple,  in  the  case  of  their  additional  alloy¬ 
ing  nith  aluainua. 

Aseuasticna  as  to  the  nature  ef  iatercrygtalline  corrosion 

The  nature  of  the  p^oca^ses  causing  and  eiininating  intercry stalliCe 
corrosion  are  highly  ceapiei  and  are  still  far  froa  being  fully  ascertained, 
■tfith  respect  to  austenitic  steel,  the  hitherto  nost  videly  accepted  theory 
ascribes  intercrystaliins  corrosion  to  precipitation  of  chroaiua  carbides 
along  the  grain  boundaries.  This  leads  to  inpoverishnent  of  the  solid  solu¬ 
tion  in  this  elcaent  around  the  carbides  in  the  peripheral  sections  of  the 
grains.  Seduction  of  the  saount  of  chroaitue  in  the  solid  solution  belov  the 
Unit,  of  chenical  stability  according  to  the  n/3  cole  lew,  os.  the  other  hand, 
^tuses  destruction  of  the  peripheral  grain  layers.  Kroa  the  stendpoint  of 
this  theory,  the  kinetic  curve  of  Slgare  37^  reflects  the  rate  of  tso  pro- 
'cessesj  precipitation  of  the  carbides  and  diffusion  of  chroaiua  froa  the  in¬ 
ternal  zones  of  the  grain  toward  ita  periphery.  In  the  case  of  tencering  at 
up  to  630°,  the  rate  of  chroaiua  diffusion  is  still  low,  and  there  is  a  great¬ 
er  nanifestation  of  Increase  in  the  rate  of  carbide  precipitation.  At  teaper- 
ing  teaperatures  above  65O®,  the  diffhsion  cl  chroaiua  froa  the  internal  senes 
of  the  grain  conpensates  at  ca  Irereasingly  sore  rapid  pace  the  loss  of  this 
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ir.  :r.e  rc-riphcrai  -cse.  Curve  2  in  ?i-ure  574  corresponds  to  the  tine 

•'*  trii''  •  z'  ♦  *  z»zs*>  ^ .  -•  •  ^ 

.  -  ..  .^.ui  -o_;j.ensattcn  lor  tne  loss  ci  chrocius  in  the  scrinhsral 
...n  sin  ensues  as  a  result  of  its  diri>u3ion.  fhe  role  of  titanius 
c-  ancunts  to  the  foiiosinc:  in  binding  the  carbon  they  ?i-sve-il  chron- 

--.erisnnent  of  the  peripheral  tone  of  the  srain.  'ihere  are  studies 
—  ‘  *"  vhe  nejjatrve  rcle  of  chresius  depletion  of  the 

_  j— -uSe.,-  IS  auostantii  id  electrochesicaliy,  fron  the  positions  of  the 
-nc-err  of  nicroelenents- 

rypo.neses  nave  been  advanced  shich  are  “variants-  of  the  iepoverishnent 
>hec.ry.  Che  authors  of  these  hypotheses  hold  ^ee  79^  that  the  cause  of  in- 
-ercrystaiiine  corrosion  is  chroniun  inpoverishnent  of  the  peripheral  sone  of 
-e  a^r.enite  grain,  but  that  this  is  caused  by  the  precipition  not  of  chroaitn 
carbides,  but  of  secondary  chroniun  ferrite  or  chroniun  nitride  or  several 
peases,  rnich  nay  constitute  carbides,  ferrite,  and  sone  other  conponents. 

-^--.e.,  ces^x^e  the  logic  and  external  siaplicity  of  the  ebrosiun  in- 
-o  «^eo-y,  j.t  IS  coubted  oy  certain  researchers.  Sxpericental  facts 
have  also  been  observed  nhioh  do  not  lend  thenselves  to  explanation  fron  the 
a'.andpoint  of  this  theory  /esg?.  Sone  helien  /hi?  that  the  stresses  created 
hy  the  carbides  precipitated  on  the  grain  boundaries  alone  are  sufficient  to 
couse  intercrystalline  corrosion,  nouever,  if  the  decisive  role  is  assigned 
to  the  stresses,  it  is  difficult  to  explain  the  shape  of  the  kinetic  curves 
-n  r.gare  On  the  Other  hand,  it  could  be  possible  2n  this  case  to  recti- 

ry  the  condition  of  a  steel  rhich  had.  beccne  sensitive  to  interorystalline 
corrosion  by  brief  heating  at  75c  to  600«,  *fcich  is  sufficient  fer  relaxation 
Of  stresses  even  in  austenitic  steel.  OtWs  suggest  that  it  is  not  the  peri¬ 
pheral  layer  of  the  grain  uhich  is  dissolved,  hut  the  precipitating  phase  it¬ 
self,  rhich  nay  function  as  an  anode  in  the  resulting  electrochenical  systen, 

^ - ^-j  >acause  it  .s  an  intemediate  non-eqailibriua  phase 

Article  by  I.  t,  ievin. 
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:ilao  belisve  zha.z  chro:iiu2  isroverishiisiic  or  ohe  periphsrc.!  i&ysT  of 
— £  SC&^CG^V  ‘£ZrCC2ioXo  C2IiSS  co2rirosioji« 

lie;,  chroiit::!  sicelo  eo^zaiiis/;  15$  Cr  are  net  prose  to  iiAtercrjSt£ilir.e  cor- 
rosior.  either  after  rapid  cooling  _ron  high  tenperatures  _/?5^,  S8^  or  after 
'i-Kr.ching  and  lenpering,  althcngh  chror_ar  inpoverishnent  of  the  periphery  of 
the  grains  shonid  mdo-abtediy  lead  to  reduction  of  its  caantity  to  values  oe- 
iou  the  boundary  of  cheaicai  stability.  On  the  other  hand,  steels  trith  a  high 
enroniuu  content,  such  as  the  steel  25-20  are  no  less  subject  to  intercrystal¬ 
line  corrosion  than  the  iS-8,  despite  the  fact  that  shresius  iapoverishzent  of 
the  periphery  of  the  grains  to  linits  celov  the  boundary  of  chcraical  stability 
is  scarcely  probable  in  this  case.  2Joreover,  the  bsundcry  layer  sf  the  grain 
( intercry staiiine  layer),  as  uas  stated  in  detail  in  the  preceding  chapters, 
has  a  seni-ordered  structure  and  increased  free  energy.  For  this  reason  it 
nust  be  considerably  enriched,  particularly  in  ahrociua,  in  conparison  vith 
the  grain  itself.  It  is  precisely  for  tais  reason  that  the  fomation  in  this 
layer  of  a  neu  phase,  including  the  carbides,  is  facilitated,  upon  deconposi- 
tion  of  the  solid  solution.  Thus,  i:hr-<£iU3  ispoverishaent  upon  precipitation 
of  carbides  nay  play  a  proninent  part  in  the  gxain  (especially  so  in  steel  in 
uhich  the  chroniun  content  is  near  the  first  boundary  of  chenical  stability) 
but  a  very  sli^t  part  in  the  boundary  layer  of  the  grain. 

In  our  hypothesis  of  the  nature  of  intercrystalline  corrosion  of  austen¬ 
itic  steel,  ue  proceed  fren  the  srenises  set  forth  on  ^assian7  ?-  175  (see 
also  Fig.  103).  It  follows  frea  then  that  in  consequence  cf  the  role  of  the 
kinetic  factor  at  relatively  Icnr  tenpering  tenperatures,  netastable  carbide 
should  be  precipitated,  although  this  does  not  lead  to  the  aaxinua,  but  only 
to  a  relative,  change  in  the  free  energy  of  the  systes.  In  hij^-chtoniun 

steel  chroniun  carbide  (Cr,?c)_.C,,  rhich  is  highly  enriched  uith  iron,  nay 

ay  o 

constitute  such  a  carbide.  5ith  elevation  of  the  teapering  tenperature,  the 
precipitating  carbide  esnes  iacreasin^y  closer  to  the  stable  Cr^-C^.  Pro- 
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-r.en  dynanic  salsr^ce,  i.o.,  ^o  a  chronius  enrichrei:^  of  ihe  carbide 

-o  i.  o  r.tz-c-i;  eci;acsi;ion  Cr^_C^,  -he  t::.=e  necessary  for  rhis  serng  ihe  snors— 

o 

er,  ;ne  .hijyifcr  in  nhe  nenperms  nenperarare. 

is  apparent  ihar  a  cliange  in  the  conpcsitios  of  the  carbide  precapi- 
tatec  ainriu  the  grain  boimcary  rith  Tarying  tenperatnre  and  tine  of  tespermg» 


Eiii  also  _sac  to  a  cnange  in  tne  kanetacs 


of  electrochenicai  dissolnticn  of 


the  systen,  rhich  consists  of  the  carbide  and  the  solid  solution  contiguous 
to  it.  anplaaatory  schenatic  polarination  curves  are  given  in  Pigure  pSOa, 
there  is  the  equilibriun  potential  of  the  solid  solution;  <p2  nore 

negative  equilibriun  potential  of  the  chroniua  carbide,  highly  enriched  slth 
iron;  1  and  2  arc  the  lines  of  the  anode  currents  on  each  of  these  phases; 

5  denotes  the  ovarroitage  of  the  reduction  reaction  on  the  carbide  phase;  4, 
that  on  the  solid  solution;  and  3  >be  total  reduction  rate  on  both  phases, 
fhe  grain  boundaries  of  the  solid  solution  before  precipitation  of  the  carbide 
nhase  in  then  are  dissolved  at  the  steady  uotential  _  at  a  lou  rate  xhich 
IS  proportional  to  the  currents  «  x^.  The  carbide  phase  vhich  has  been 
precipitated  rould  dissolve  independently  at  a  rate  proportiozial  to  -  ig. 
Being  present  in  the  ho'ondaty  layer  of  the  grain,  however,  it  is  dissolved 
at  the  steady  potential  ,  at  the  rate  i-  =  i.e.,  the  solid  solution 

sharply  accelerates  its  solution  catalyticaily,  and  the  steel  is  subjected  to 
intense  intercrystaliine  corrosion.  But  the  equilibriun  potential  cf  the  ueta- 
stable  carbide  phase  nay  also  differ  less  fron  the  equilibriun  potential  of 
the  solid  solution.  In  this  case,  illustrated  schenatically  in  Bigure  5C6b, 
both  phases  nay  dissolve  at  an  accelerated  pace,  and  this  will  lead  to  a 
thickening  of  the  grain  boundaries  as  a  result  of  intercrystaliine  corrosion. 

is  the  tenpering  tenperature  rises  and  the  holding  tine  iscreases,  the 
precipitating  carbide  beccnes  richer  in  chroniua,  and  its  equilibriun  poten¬ 
tial  shifts  upward  (to  the  right).  If  the  potential  has  shifted,  for  erasple 
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o  r-oin*.  in  Pic-rc  5sja,  salncior.  of  ihe  carbide  phnse  sill  prcceeQ 

ni  ihc-  r^i.-  -!  a  nore  slcci-r.  Solution  of  both  phases  nay  alsa  'oe- 

:>  “o 

.>r.  laic-r  cr.,  bai  is  rill  proceed  aa  a  very  ior  raae-  ohen  themodynonis  oal- 
aace  is  estaslisnea.  ihe  eaailisrian  potential  of  she  carbide  nav*  oecone  eoaal 
io  or  scaerhaa  nore  aor-iaive  ^han  the  •  Tasra  nil  men  oe  pmcazcailj 
no  ir-tTircrystalline  corrosion.  Az  :he  given  aenperamre  this  *ill  ensue  after 
a  certain  tine  rhich  is  ecual  -o  the  iznmnization  period  t.  m  Figure  p?"*. 

'iiih  elevation  of  the  tenpering  tenperature  (see  Fig.  3°')  ^®5/  -o  500  * 
anonnt  of  precipitating  carbides  increases*  and  thereafter  their  reverse  seau- 
tion  begins  (Fig.  53ia).  A  considerable  tine  is  required  thereby  for  the  pre- 
cioitaticn  of  an  eaailibriun  quantity  ef  carbides  even  at  6C0^  (pSlb).  Fnts 
is  shat  determines  the  trend  of  kinetic  curve  i  of  the  beginning  ef  rntcrcrys— 
tallinc  corrosion  in  Figure  57^.  Only  after  tenpering  at  tenpcratures  above 
SpO*^,  men  stable  carbides  are  probably  precipitated  directly  fron  the  sola— 
ticn*  does  the  increase  in  their  quantity  cease  to  exert  an  effect*  and  no 
tenaency  of  the  steel  to  intercrystalline  corrosion  is  observed  (Fig.  57^ j* 

rke  quantity  of  the  carbides  affects  intercrystalline  corrosion  prinarily 
in  relation  to  the  grain  size.  7ith  coarsening  of  the  grain  there  is  an  in¬ 
crease  in  the  cuanti'^  of  carbides  per  unit  surface  of  the  grain,  hut  is  is, 
apparently,  not  aersiy  a  cucsticn  of  their  average  relative  anount.  It  ras 
deaonstrated  in  (3^^  that  in  a  steel  rith  a  fine  grain,  the  carbides  fom 
an  intemittent  patters  around  the  grains,  this  apparently  inpeding  the  pene¬ 
tration  of  intercrystalline  corrosion  in  depth.  In  steel  rith  a  coarse  grain, 
on  the  other  hand,  the  carhides  are  arranged  along  the  boundaries  in  a  nore 
conpact  chain. 

She  role,  deriving  fren  oar  hypothesis,  of  the  chenical  conposition  of 
the  steel  is  illustrated  sj  Figure  pbOc.  Let  us  say  that,  rith  the  sane  con- 
position  of  the  carbide  phase,  rhich  has  the  eqoilibriun  potentiel  ^2* 
rith  the  sane  lines  sf  the  anode  and  enthode  currents  2  and  p  as  in  Figure  p8Qa. 
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*.;.az  the  ov€rvclii.£-3  cf  ihe  reduction  on  it  is  ci 


iracterised  by  the  line  4  , 


if.c  tnat  tr.e  tstn:.  rassicticn  rnte  o: 


n  both  phases  is  characterised  by  the  line 
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Figure  5S0.  Biagrass  of  polarisation  curves  illustrating 
the  hypothesis  of  the  nature  of  intercrystalline  cor- 
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3'«  iSe  sec  that  in  this  case  the  carbide  phase  vill  be  dissolved  at  the 

steady  potential  and  at  the  rate  i,  =  i.,  i.e.,  lorer  than  in  the  case 

J  Sg  3 

of  the  solid  solution  in  Figure  3S0a>  vhich  possesses  in  independent  fom  a 
greater  chenical  stability  (segnents  ij^  »  i2  are  snaller  than  segnents 
i,  =1,  }.  It  is  precisely  the  lover  general  corrosion  resistance  of  the 
solid  solution  in  steels  containing  lyjS  Cr  as  conpared  vith  hi^-chroniua  and 
chroniun-nickel  steels  uhich,  in  car  opiniont  erpiains  the  circanstance  that 
steels  of  the  Saly  type  do  not  tend  touard  intercrystalline  corrosion.  She 
sane  fact  nay  e3n>lain  the  lover  sensitivi^,  noted  earlier,  of  chroniun- 
nanganese-nichel  steel  to  intercrystalline  corrosion  in  concarison  vith  chrcn- 
iun-nickel  steels. 
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Ti-czor  viry  ir:  diffarer.:  cireczior.^j.  As  riii  oe  ceaosscraied  sosorhac 

r^.r^r.er  or.,  the  catalytic  electrochemical  actica  of  certain  phases  shcald, 
and  ia  I'aet  coea,  lead  to  siaal  taneoa-  ic-reris£  oi*  the  resistance  of  steel  to 
both  i;encrai  and  intercrystalline  corrosion. 
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?isare  5S1-  Effect  of  heating  teaperatnre  and  holding  for 
one  hour  (a)  and  of  the  tine  of  heating  at  S00°  (b)  on 
chroniim  content  in  the  nrecinitate  of  sted  containing 
0.12^  C,  19-^  Cr,  and  8*. 5655  Si. 

(i)  Cr  content  of  precipitate,  percentage  of 
raight  of  dissolved  netal;  (2)  tenperature,  “C; 
v5)  holding  tine,  hears. 

?ha  positive  effect  of  a  diphase  gaasa  +  alpha  stracture  on  the  re¬ 
sistance  of  steel  to  intercrystalline  corrosion  is  due,  in  our  opinion,  to 
the  naoh  higher  rate  of  diffusion  in  the  alpha  phase  as  conpared  vith  the  gan- 
na  phase-  In  conseoaence  of  this,  in  a  steel  vith  a  ganra  alpha  structure 
the  carbides  coagulate  tore  rapidly  and  a  snaller  quantity  of  then  is  found 
on  the  grain  boundaries.  She  positive  effect  of  cold  vorh,  on  the  other  hand, 
is  apparently  indirect.  In  cc-ntrlbuiing  to  the  foznation  of  the  alpha  phase 
•etc  in  facilitating  the  coagulation  of  the  carbides  in  the  sane  nechcnicsl  de- 
lomation  intansifies  the  positive  effect  of  the  diphase  structure.  Moreover, 
cold  vorhirg  increases  the  nunber  of  planes  in  the  austenite  along  vhich  the 
carbides  nay  be  precipitated,  this  being  equivalent  to  refinenent  of  the 
grain- 


Finaily, 


■aord  abcut  the  role  of  additional  alloying  of  austenitic 
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-haz  ^h=  reduction  r-taciica  cverYoI^ate  on  titaniim  carbides  is  inferior  nos 
Only  io  ihat  on  neiasiable  chronian  carbidest  but  also  snaller  ihan  cn  sne 
solid  scluiisn,  alohcngh  ii  approaches  ihe  laioer*  Hence  one  iitaniusi  car¬ 
bines.  regardless  of  iheir  o=n  ecailibrii^n  poteniiai  in  a  siven  nedius,  sail 
acceieraie  corrosion  of  ;he  solid  soluoiont  i.  a.,  loier  ibe  general  corrosion 
resisiance  of  she  sieei,  as  a_is  in  face  follcss  froa  Table  lOp.  Titaaiun 
carbices  rill  acceleraie  rsich  nore  ineensely  she  solueian  of  netastable  chron- 
inn  carbides,  ihroa^  caoalysis  of  the  redaction  process-  jpon  cassebing 
frsn  renperatares  above  $00°  a  part  of  the  titenina  carbides  passes  into  sol- 
aeion  and  upon  sabsecuent  tenpering  is  partly  precipitated  along  the  grain 
bcandaries  together  rith  the  ebroniaa  carbides  {see  the  foregoing  discussion). 
It  is  the  accelerating  effect  of  titanitm  carbides  on  the  dissolution  of  chron- 
ian  carbides  and  of  the  solid  solution  itself  rhich  causes  intercrystaliine 

OZl« 

It  follors  fren  the  foregoing  that  the  oridation-redustion  potential  of 
the  solation  nast  also  pley  a  vital  part.  Zencs  one  and  the  sane  steel  nay 
be  found  after  the  sane  heat  treatnent  to  he  subject  to  intercrystaliine  cor¬ 
rosion  in  cne  solation  and  not  subject  to  it,  or  less  so,  in  another. 

It  is  obvious  iron  the  standpoint  discussed  that  intercrystaliine  cor¬ 
rosion  nay  be  caused  by  the  presence  on  the  grain  boundaries  of  otner  phases, 
and  not  nerely  the  carbides. 

Thus,  for  eranpla,  sulfides  precipitated  along  the  grain  boundaries  nay 
be  the  cause  of  intercrystaliine  corrosion  of  carbon  steel.  In  acid-resistant 
steels,  in  consequence  of  their  hi^  chreniun  content,  the  cost  probable  of 
such  phases  are  the  nitrides,  ehich  are  precipitated  in  large  quantity  upon 
tenpering  even  rhen  nitrogen  is  present  only  in  the  fom  of  a  connon  inparity 
/sae  TdJ/.  Certain  observations  justif^r  the  belief  that  the  nitrides  of  chron- 
tan  and  titanium  uhen  coning  in  contact  *ith  the  basic  mass  in  stainless  steel 
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aspe  rirenio  by  En^neer  S.  5.  Anisint-*-  aP  one  of  cne  Leningrad  nii.ls  nave 
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;o  B.  sham  drop  in  its  cor¬ 


rosion  resisors.ce  (nirriding  is  suggested  for  this  steel  also  as  a  netnoa  Oj. 

1 

increasing  its  -ear  resistanCwy.  There  are  also  other  indications  of  the 
entrenely  lor  resistance  of  nrtrided  steel  in  acid  nedia. 

hence  no  surprise  shnnld  be  cat-sed  by  the  fact  that  a  tendency  torara 
intercrystalline  corrosion  has  been  observed  in  certain  Instances  even  in 
austenitic  chroniun-nl ckel  steels  in  rhich  the  carbon  content  ras  less  than 
0-01^  cr  even  arcand  0.G03S-  Only  the  kinetics  of  the  processes  and  the  ten- 
perature  dependence  cf  their  progress  should  be  different  in  such  cases. 

Certain  investigators  ^re  also  inclined  to  see  the  cause  cf  inter- 

crvstalline  corrosion  of  ferritic  and  sesii -ferritic  steels  in  chronlun  in— 
*».*'erishnent  of  the  peripheral  zones  of  the  grains  in  consequence  of  precipi¬ 
tation  of  chrcniun  carbides  on  their  boundaries,  taking  into  account,  houever, 
the  sinultanecus  effect  of  the  stresses  arising  upon  rapid  cooling  of  the 
steel  fron  hif^i  tenperatures.  Others  /for  ezasple,  80^  assign  the  decisive 
role  to  the  carbon-enriched  austenite  rhich  is  fomed  at  the  heating  tesper- 
ature  and  rhich  deconposes  on  the  grain  boundaries  upon  subsequent  rapid  cool¬ 
ing  of  tse  steel-  In  this  case  the  phase  rhich  is  directly  respcnsihie  far 
intercrystalline  corrosion,  in  the  opinion  of  sone,  conprises  the  chenicaily 
'  unstable  iron  carbides,  rhich  upon  rectifying  heating  of  quenched  steel  are 
transfomed  into  chenicaily  stable  chronica  carbides.  In  the  opinion  of 
others,  it  is  the  peripheral  layer  itself  of  the  chrosius-iapoverishod  anstcn- 

1 

“See  the  references  in  the  paper  qr  S.  A.  Balesin  and  ?.  3.  Hatinov.  SAS  SSSH 
Reports  of  the  Acadeny  of  Sciences  of  the  Toi.  85,  1952,  He.  2,  p.  567. 
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i'l;:!  of  z.  lirpe  cuar.^ity  of  elei:sr.ts  rhich  expand  -ne  re^xcn  of  tne  aipna 

pr-ace,  rich  ;he  ain  of  oreven^-Ho  -he  fomatioa  of  ausaesioe  a-  hhe  aeatisg 

t. _ per_^uro,  has  r.o^  oliniaa^ed  rhe  aer.der.cy  of  steels  tosarc  iniercrystaAiine 

c&rrosicii.  /?S5?*  ahe  basis  of  these  and  the  other  results  of  tneir  stuay, 
t.ie  actnors  of  /?95/  conside.  -he  cause  of  incercrystalline  corrosion  oi  ler— 
ritic  steels  to  be  the  stresses  fhich  arise  in  the  surface  layers  of  the 
jrains  as  a  result  of  precipitation  of  carbide  or  nitride  phases,  -he  heating 
of  luer.ched  steel  at  65O  to  SCO**,  uhich  relieves  theie  stresses,  restores  tne 
resistance  of  the  steel  to  intercrystalline  corrosion- 

In  analytinc  the  possible  cause  of  intercrystaliine  corrosion  of  femtic 
steels  it  is  necessary,  in  our  opinion,  to  tahc  into  aciount  the  fact  that 
very  brief  heating  is  sufficient  for  their  rectification.  Altncug^  this  nay 
speak  an  favor  of  the  stress  theory,  ss  feel  that  stresses  cannot  he  the  sole, 
or  even  the  nain,  cause  of  intercrystaliine  corrosion  in  ferritic  steels  for 
the  sate  reasons  as  in  austenitic  steels.  Fir  can  the  additional  stresses 
caused  by  rapid  cooling  be  responsible  for  intercrystaliine  corrosion.  In 
fact,  cn  the  one  hand,  no  intercrystaliine  corrosion  is  observed  in  ferritic 
steels  upon  very  rapid  cooling  /75£?-  On  the  other  hand,  intensification  of 
intercrystaliine  corrosion  has  been  observed  in  partly  ferritic  steels 
upon  retarded  cooling.  At  the  sane  tine,  the  iirranization  of  steel  upon  rec¬ 
tifying  heating,  apparently,  cannot  be  due  to  diffnsicn  processes,  uhich  pro¬ 
ceed  at  a  lor  rate,  for  exanple,  restoration  of  the  chroniun  loos  in  She  per¬ 
ipheral  layer  of  the  grains,change  in  the  conpositicn  of  the  carbides,  etc. 

ue  believe  that  the  processes  causing  intercrystaliine  uerrosion  are 
basically  the  sane  in  ferritic  and  tustenitie  steels.  In  ferritic  steels, 
upon  rapid  cooling  fron  a  fairly  high  tenperature,  a  certain  quantity  of  the 
phases  vhich  vere  partially  dissolved  upon  heating,  succeeds  in  precipitating 
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t-;  zr.zz  ^;.ere  ;r.c  cher=.OL.ync:;ic  ar.c  iinc^ic  cor.ditloss 

— -‘--=  -V/urs.£ile  for  •.t.i.i.  zo  i,c^~.r  zi.zz'.  in  zi.e  volnne  cf  the  grains-  Sor 
carliits,  i.ut  zc  ar.  even  £reaae~  c^zo--  rh-  c'^cniun  nitrides,  are 
_uc'.  -r.r.„e2  r.ere-  -raas,  it  h^s  bees  estr -biished  by  erperiaent  is 

“  cc.-.taiair.^  27;s  Cr,  C.&2ti  C  of  its  total  aaount  of  0.i25a  in  the  steel 

--  retained  is  tse  so^id  solution  after  cisenehinj;  fron  1200*^i  -shile  0.05^  o£ 
tie  total  aaount  of  nitrogen  (O.Op^)  is  fired  in  the  solution. 

rne  significance  of  brief  rectifying  heating  lies  in  our  opinion  in  the 
.ac.  -aat  a  large  proportion  of  the  carbides  and  nitrides  is  nrecinitated  in 
-le  vciune  oi  tne  grain  in  ihis  case.  ?his  reduces  the  catalytic  activity  of 
-ne  oacic  nasi,  rnicn  cones  in  contact  trith  the  boundary  phases,  and  this,  in 
tiitn  Figure  3S0c,  sncald  lead  to  ueakening  of  intercrystalline  cor¬ 
rosion.  At  the  sane  tine,  the  e^iibriun  potential  of  the  basic  nass  rill 
-e  i,hi.  .cc  to  tne  leit  (domrard),  tihich  should  lorer  the  resistance  of  the 
gr^n  cna  consequently  mtcnsiiy  the  gent^ral  corrosion  of  the  steel.  It  has 
recently  niso  been  denonstrated  by  eiperinent  JSBl/  that  reakening  of  inter- 
c-jS.aiiine  corrosion  after  orief  rectifying  heating  is  acconpasied  sy  inten¬ 
sification  of  corrosion  of  the  grain  itself,  while  longer  holding,  for  eiaaple, 
for  50  ninutes  at  7£0°,  inparts  alnost  total  stability  to  the  steel.  Ftor  fer- 
ri.ic  steel,  in  rhich  tne  rate  of  the  diffusion  processes  is  each  hi^er 
in  austenitic  steel,  such  heating  is  apparently  sufficient  to  cause  the  co=- 
position  of  the  precipitated  phases  to  approach  the  ecuiiibriun  conposition. 

-ne  sane  processes  occur  if  the  steel  is  slowly  cooled  fron  a  high  tenperature. 
?ne  sues  acre  iaportant  role  of  the  nitrides  than  that  played  in  austenitic 
steel  is,  apparently,  to  be  ascribed  to  the  weaker  effect  of  riobiun  in  reduc- 
_ng  -ne  tentency  toward  intercrystalline  corrosion  in  ferritic  steels  in  con- 
parisoa  with  austenitic  steels.  As  regards  titaniun,  its  role  in  ferritic 
steels  IS  basically  the  sane  as  in  austenitic  steels.  But  since  in  ferritic 
steels  tne  titaaiun  nast  bind  not  only  the  carton,  but  also  the  increased 
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gerritlc-asrtensitic  steels 

If  hi^*.  strength  or  hardness  is  required  of  stainless  steel  in  addition 
to  corrosion  resistance,  it  rust  be  receptive  to  nartenperiag.  Carbon-free 
ferrochroniun  alloys  are  already  alpha  alloys  rhea  they  contain  over  11  to 
12i;  Cr  (see  5^^)-  -he  nasinua  concentration  of  chroaiun  rises  consider¬ 

ably  rith  increase  in  the  careon  content  of  the  alley.  Hence  it  is  natural 
that  the  nechanical  properties  of  hi^-chroaiun  steel  and  the  possibility  of 
rejrolatins  then  by  heat  treatnent  rill  be  decisively  deternined  by  their  car¬ 
bon  content.  ?he  coabination  of  carbon  and  chroaiun  is  selected  depending  on 
the  purpose  of  the  steel,  above  ail  on  rhether  the  nechanical  properties  or 
corrosion  resistance  play  the  leading  role  for  the  articles  aanafactured  froa 
taen* 

Steels  containing  2j  to  3®^  Cr  and  possessing  a  very  hi^  corrosion  re¬ 
sistance  reaain  ferritic  even  rhen  their  carbon  content  is  considerable  (see 
Pig.  41).  Hence  the  introduction  into  thes  of  an  increased  quantity  of  car¬ 
bon  to  augnent  the  strength  do*”  -  not  reach  the  goal,  to  say  nothing  of  the 
fact  that  if  nelting  is  not  conducted  in  vacuo  (see  ^ussie^  p.  5^5)  they 
possess  lor  plastlci^,  and  especially  lor  inpact  ductility,  and  are  prene  to 
4?5-degrce  brittleness. 

She  hardness  is  increased  to  appraii  nately  250  to  5OO  s...  under  the  in- 

*  S 

fluence  of  carbon,  due  to  the  increase  in  the  proportion  of  carbides  in  the 
ferritic  basic  nass.  Upon  the  quenching  of  steel  containing  25  to  yOfo  Cr, 
even  fron  high  tenperaturcs,  as  already  pointed  out,  only  about  0.02^  C  is 
fired  in  the  solid  solution  and  alnost  all  the  nitrogen,  uhich  is  contained 
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.  Hc^r2Y0~,  --i£r  pi^ocipi -citicn  cl  csr- 

subse.uer.c  zscpering  iid  not  in  this  case  result  in 
a  substantial  decrease  in  hardness  (iron  approxiaate- 
0.i2ji  C)  /?857.  li  is  possible,  of  course,  that  in 
hardness  value  attributable  to  precipitation  harden- 
since  the  teapering  tesperature  las  800  at  vhich  the 


nininun  holding  nine  is  one  h  r.  But  also  in  other  studies,  in  rnich  the 


nariiicso  - ' -  i--~  in  the  tenpering  uas  observed  (tenpering  at  teaperatures  of 

cCC  to  ?£0°)  and  a  nininun  holding  of  several  ninutes)  ^8^,  the  absolute 
value  of  the  narinun  uas  snail  and  is  not  ucrthy  of  attention. 

Hence  steals  containing  25  to  Cr  are  enployed  for  articles  of  shicb 
a  high  resistance  to  violently  oxidising  nedia  or  a  hi^  heat  resistance  is 
required.  Such,  for  exanple,  are  the  Soviet  brands  £b25  and  £h28.  "he  in¬ 
troduction  of  an  increased  anount  of  carbon  into  such  steels  is  Justified  only 
rhen  they  are  enployed  for  shaped  castings.  In  this  case  an  increased  anount 
of  silicon  is  also  fcjind  to  be  useful,  since  in  an  anount  exceeding  0.6^  the 
latter  causes  a  discontinuour  increase  in  the  flouability  ^9§/.  Steels 

containing  25  to  505  Cr  still  possess  a  fully  satisfactory  chenical  stability 
even  ritn  an  increased  carbon  content.  At  the  sane  tine,  however,  it  is  neces¬ 
sary  to  contend  with  their  lor  ispact  ductility  and  poor  reldability. 

In  ferritic-austenitic  steel  cuSia-ihing  265  Cr,  45  5i,  and  1.5$  Ho  and 
possessing  an  even  hij^er  corrosion  resistance  than  ferritic  steel  (the 
Auerican  steel  525;  see  ^a.ss±s£/  p.  615).  the  hardness  and  strength  nay  be 
appreciably  increased  by  precipitation  hardening  due  to  precipitation  of  the 
signa  phase  [Tig.  582).  rue  hardness  rises  rith  increase  in  the  chroniun  con¬ 
tent,  and,  accordingly,  the  quantity  of  the  signa  pnase.  After  holding  for 
6  to  25  hours  even  at  760°,  i.  e.,  beyond  the  aaxisua,  it  is  possible  to  ob¬ 
tain  a  hardness  of  50  to  4C  5^  and  an  ultinatc  strength  of  around  120  kg/nn^. 
Horever,  as  i;  to  be  expected,  rise  in  hardness  and  strength  is  acconpanied 
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ai'ic-r  r.ec.tin^  to  &  testc-rature  atave  yOO^  is  ascribed  by  tba  jiithors  to  tne 


I'ort.ation  ci  aoicular  au^tcrite  v.ror  cooiisg.  ihe  corrostos  resistascs  of  tne 


-tcei.  ts  aj.so  _wrerca  alter  tre^ 


uioitatior  harderirg,  chiefly  ir.  conseque 


cf  !  reoititaticr.  of  the  sigzia  phase- 

If  the  steel  is  interdet.  for  the  ranufactare  cf  stairless  toois^  then 
•  its  carbea  ccnter.t  rust  be  sufficient  not  only  to  ensure  the  possibility  oi 
—arteaterin^,  cut  also  for  achitvesent  of  the  required  hi^  hardness  of  the 
aarter.site.  Hecently  coneucted  studies  ^^27  confim  the  fact  that  even  in 
hi iTn-chroniun  steels  the  -yT-;— r;-'  hsrdness  after  quenching  depends  basically 
on  the  carbon  content,  trhile  chrsniun  and  other  alloying  elenents  scarcely 
affect  it,  in  appreciable  additional  increase  in  the  saxinus  hardness  is 
caused  by  nitrogen,  this  being  confimed  bj-  other  studies  as  rell  /89S/,  ap¬ 
parently  because  it,  just  as  carbon,  is  inplanted  in  the  lattice,  -he  follos’- 
inr  enpirical  fcmula  is  proposed  for  apprezinato  detemi nation  of  the  narican 
hardness  of  quenched  high-ccrersiuts  steels,  xith  account  taken  of  their  carbon 
and  nitrogen  content;  Ig  2^,  =  2.162  +  0.469  (Ig  C)  +  0.108  (1  C)^  +  0.164 
{ig  K)  0.025  (is  5)2. 

ilasiuun  hardness  values  of  pO  to  35  2g,  xhich  are  achieved  vhen  the 
steel  contains  0.3  to  0.4fs  C,  are  adequate  for  nany  instrunents,  such  as  those 
used  in  nedicine.  Such  instrunents  are  nanufactured  fron  the  5afel3  esc  4ghl5 
steels,  i.e.,  ones  containing  on  the  average  13/#  Or  and  respectively  0.3  and 
0.45J  C.  instrunents  of  rhich  a  higher  naxinun  hardness  is  required,  as  well 
as  stainless  bail  bearings,  etc.,  should  be  nanufactured  fron  a  steel  contain¬ 
ing  0-9  to  i.OjS  C.  It  is  found  necessary  ia  this  case  to  increase  the  chron- 
iun  content  to  17  to  IS^  in  order  to  cospensate  for  the  negative  effect  of  car¬ 
bon  on  the  corrosion  resistance  of  the  steel,  xhe  KhlO  steel,  xhich  contains 
0-9  t-v  l.OJi  C  and  17  to  15$  Cr,  nay  serve  as  an  exanple.  Use  is  nade  in  the 
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ULA  ;'or  •,r.ert  purpar.ea  a:'  several  steels  containir.i;  or.  the  avc-.aje  i?ij  Cr  and 
0.7  ta  1.1,3  c,  ap  to  Lo  beir-ij  ir-trodaced  ir.ic  tnen  nitr.  the  oin  cf  ad- 

--tia.'-.ailv  inc-casing’  the  carrJston  resistance. 

...rce  the  nartrnsiCe  in  such  steels  possesses  a  high  staezltty  tonara 
teaterir.g,  after  ^asnc.hing  they  are  subjected  to  Crnperi'Ji;  at  yCO  to  330  » 
ana  sonctiaes  even  at  400**.  It  is  also  reconnesded  that  hi gb-carb..!:  steels 
be  subjected  tc  cola  trectnex  at  -60°  before  tespering,  for  the  purpera  of 
acre  conpiete  transfcrn^ition  of  the  retained  austenite.  One  t:ay  co.tsider 
10.<C  to  1023°  to  be  the  optinun  quenching  tenperaturO  for  se^us-carboa  steel 
and  up  to  1050°  for  hi£jh-carbon  steel.  It  is  to  be  sees  fr^^  Figure  5S5 

#.  -O 

for  5Shl5  stee.  that  quenching  froa  a  teaperature  above  rOOO  to  102p  aoes 
not  increase  the  hardness-  i!here  ia  also  only  a  slight  increase  is  the  cor¬ 
rosion  resistance  is  this  case.  At  the  sane  tine,  heatisg  to  higher  tenper- 
atur«sa  involves  the  danger  of  coarsening  of  the  grais,  rhich  leads  to  a  sharp 
drop  in  plasticity  and.  ductility  of  the  iastrunest. 

Either  steel  of  the  Khl?  type  or  that  of  the  lahl3,  2Khl3,  and  3Shl5 
type  are  scat  connosly  used  ns  structural  f errltis-sartensiti c  staisless 
steels,  depending  on  the  strength  and  oorrosisn  resistance  values  required. 


Figure  362,  Change  is  haxdness  upon  pre¬ 
cipitation  hardening  ci  ai^-ebroniua 
steel  containing  nickel  and  solybdenua 
due  to  precipitation  of  the  sigaa  phase: 
1  -  steel  containing  0.21^  C;  O.S3^  11s, 
0.455  Si,  27.4155  Cr,  3.91»  Si,  io?^  Ko, 
C.08^  Ki;  2  -  steel  contaizing  0.11^  C, 
0-8755  to,  0.46^  Si,  29.6955  Cr,  3.97»  Ki, 
i.4455  to,  0.08855  3  {61^ . 

(e)  Eardness,  2,;  (b)  heating  tenoer- 
aiure,  °C.  '' 
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Sie  Khl?  Steel,  uhith  possesses  sufficient  corrosioa  resistance  in  a  nunber 
of  aggressive  nadia  plus  average  strength  and  slgi.  plasticity,  contains  up  to 
0.1255  C  and  is  partly  ferritic.  It  is  usually  used  after  arucalmg  at  750°. 
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rc-.'C  --  -cvcr-l  -Oi-'-air-ir-C  on  -.he  nvcrr.je  I??.-  Cr  sno 

V.?  -.0  1.1,:,  C,  ap  -.a  O.'itU  la  being  inaroduced  inxo  :he=  na'.h  -.he  ain  k:*  ad- 


niiiir.ally  increasing  ahe  corrosion  resistance. 

...nee  the  naraensiae  in  such  steels  possesses  a  high  scability  tc-sara 

- .  o 

ac-npt-ring.  after  q-ac-ncair.g  they  are  s-abjacted  to  teapering  at  300  to  >;0  , 
co-e^ires  ever.  :it  4CC°.  i^  Is  also  recosnended  tnat  hisTh-esrbos  s^^cels 
be  subjucrec  lo  oolc.  .reii-— e^  clc  — SO^  be.fo^e  besae^riii^f  xor  xhe  pusrposc  Oj. 
narw  tat-__lc.e  transfomaticn  of  the  retained  austenite.  One  nay  consider 


10.,0  to  1023**  to  be  the  optinun  cuenching  teaperatnre  for  nedins-carbon  steal 
aac  np  to  1050°  for  high~carbon  steel.  It  is  to  be  seen  fren  ?i£ure  5^ 
for  5ahi5  stee_  that  cnenching  fren  a  tenperatstre  above  ICOO  to  1025  does 
nr  t  increase  the  hardness.  There  is  also  only  a  slight  increase  in  the  cor¬ 
rosion  rssisiar.ae  in  this  case,  i-t  the  sans  ti-ne,  heating  to  higher  tanner— 
atures  in-.olvos  the  danger  of  coarsening  of  the  grain,  rhich  leads  to  a  sharp 


drop  in  plasticity  and  d-ictility  of  the  instrunent. 

Sither  steel  of  the  ilhl?  type  or  that  of  the  lnhl3,  2Shl5,  5nd  5^nl5 
tppe  are  nost  comonly  -used  as  structural  f erritic-nartenslti  c  stainless 
steels,  depending  on  the  strength  and  corrosion  resistance  values  reqiilred. 
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Pigure  392.  Change  in  hardness  upon  pre¬ 
cipitation  hardening  of  hi^-chroniua 
steel  containing  nickel  and  noiybdennn 
due  to  precipitatisn  of  the  signa  phase: 
1  -  steel  containing  0.215>  C;  0.3555  Jbi, 
C.4$  Si,  27.41ji  Cr,  5»9iS5  Si,  1.55^  2io, 
C.OSS^  Hi;  2  -  steel  containing  O.ll?  C, 
O.S7^  ihJ,  0.4H^  Si,  25.65^  Cr,  3-97S^  Ki, 
1.4455  Ko,  0.0885i  H  ^7^. 

(a)  H^dsess,  fi_;  (b)  heating  tenoer- 
ature,  °C 


The  >Cr,i7  steel,  -hich  possesses  s-afficient  corrosion  resistance  in  a  nur.ber 
of  aggressive  nedia  plus  average  strength  and  hi^  plasticity,  contains  up  to 
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»5.12>  C  and  is  partly  ferritic.  It  is  usually  used  after  annealing  at  750 
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h-iever,  cu«...chiii£j  oi  ^ch  fron  1000  zo  1100  ,  especially  rsea  it  cos¬ 

tains  over  O.Cc^  C,  as  nay  oe  seen  Tron  “able  iOo  cased  on  the  studies  oi 
A.  A-  habakov  ^605/,  substantially  inproves  the  nechanical  characteristics  in 
c-nsesuance  oi'  the  fact  that  the  carbon-enriched  austenite  paass  deconp-oses 
upcn  rapid  cooling  in  foming  dispersed  structures.  Appreciable  increase  is 
obserYe^.  ever,  in  a  steel  containing  0.0555o  C.  Shis  say  apparently  se  ascribed 
to  tne  efx'ect  of  nitrogen,  rhich  is  usually  not  taken  into  account  and  an  in¬ 
creases  anount  of  rhich  is  usually  contained  in  high-chroaius  steels.  Quench— 
ir.j,  fron  higher  tenperatures  again  lorers  the  strength,  since  the  quantity  of 
tae  ganna  piiase  at  the  heating  teaperature  decrea»«s,  in  confomity  ■sitb  tne 
struct'arai  diagran.  If  titeniun  is  introduced  into  the  steel  rith  the  ain  of 
redacing  its  teadency  torard  interczystalline  corrosion,  the  steel  hecones 
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figure  3S3-  Hardness  of  5iiel5  steel 
versus  quenching  tenperatura. 
(a)  hardness,  3^;  (b)  quench- 

tesperature,  C. 
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ferritic,  since  titaniun  binds  the  carbon  and  nitrogen  in  stable  carbides  and 
nitrides.  Hence  the  nechanical  properties  of  the  £bl7?  steel  scarcely  differ 
after  quenching  and  after  annealing,  if  the  qpanti'^  of  titaniun  is  at  least 
greater  than  five  tines  the  carbsn  contest  Ferritic  steel  containing 

titaniun  has  an  elevated  critical  brittleness  point,  this  leading  to  Xou  i=- 
pact  ductility  values  at  roon  tesperature  /80^.  Changes  in  the  ispact  ductil¬ 
ity  after  tsnpering  at  550°  have  slso  been  observed  in  quenched  lov-carbon 
OlhlTS  (and  OXhlyg)  steel  ^0^;  however,  this  calls  for  sore  accurate  deter- 
ni nation. 

Steels  of  the  IHhiy,  2Shl5,  and  5ahl3  ^TP*  nay  possess  a  side  range  cf 
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t^e*" — h  '■' '>~£,cte’‘  -I.'  i  t:  u"^  si.iisi'i.st.orj  cc"os;.on  resisii^.'~e  shies  etpesds 
or.  ihc-  c;.ri.o.-  co.-.-e.-.i,  afier  _irte=?er-S£  a.-.d  af'er  hi^  -ve-peraiure  a.-ir.e2l. 
I-.  li  lo  be  sser.  fro=  ?!£■--■<■  -  ^^eel  coniairJ-r-s  aaeut  I5!«  Cr 

and  C.245;  C,  i-e-,  or.e  iyins  -=e  bousdary  between  obe  broi.ds  2Khl5 
:i;hl5,  ihai  ihe  yield  poir-i  &r.d  ulii=-he  strcr.gch  bssir  do  drop  after  tersaer- 
irj  ai  a  zeareraiure  aboi'e  in  appreciable  increase  in  elongadion  and 

ccndracdion  also  begin  ad  ap?--ninadeiy  dhis  tenperadnre-  rbe  ispacd  dnctil- 
1  ly  nndergoes  a  dren  OYsr  dbe  nedinn  range  of  denpering  denperadures,  approx— 


Lnadely  ap  da  550°,  and  dhea  id  also  rises- 
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affecd  of  ^ader  •^senebing  on  Strength  Cbaracderistics  of  £bl7  Steel 
■Titb  Sinilar  Carbon  Content 
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oirengta  -ncxeradors,^  -Seneninadors.  kg/xn^J  - 
o-  i  of  ahi"  steel  in-th  carbon  conzent,  of 
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She  drop  in  inpact  ductility  is  apparently  the  result  of  zhe  sane  pro¬ 
cesses  sdiicL  cause  irreversible  britzieness  upon  the  teipering  of  sdraezurai 
szecis,  but  in  Ibis  case  they  are  displaced  tovard  the  bi(^er  tenpering  tenper- 
aznres-  5bis  is  adZested  indirectly  tqr  zhe  different  degree  of  drop  in  insact 
ductility  noz  only  in  szeels  ridh  different  careen  content,  but  also  in  ciffer- 
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er.i  -S-'.z  of  ;r..-  sane  ccn-osiciin.  i*o  crop  rha:ever  in  in-^ct  csiciili -v  is 
obisrvec  in  none  nclis  s.i  rocn  i^memiurG-  Buz  in  nli  cnssn  ziio  crop  in— 
crGi-ei  ziih  lorerii:.-  tenzornznrs  {iiiL  the  csccpzioa  of  vsry  is 

zii=:-:-rozures,  az  rhich  the  iapasz  ducziiizy  value  is  very  snail).  Shis  is 


illuczraied  by  zr^e  isozhernal  curves  in  Figure  5S>  ^5^^*  Kozevorzby 


in  ziiis 


IS  me  lacz  znat  in  soec 


ens  zcnz-ered  over  zhe  brizzie  range  the  rel- 


aziz'c  quanzizy  cf  fibrous  co.  onenz  in  zhe  fraczure  increases  at  higher  zest 


zenzerazures- 


ihnSj  zhe  drop  in  iipacz  cucziiizy  is  apparenzly  related  to  elevation 
».i'  zhe  crizical  britzlene:  ~  pc-inz.  In  lacz,  as  nay  he  seen  Tron  Figure  5S6 
■,  rhich  p-_rzains  ze  .he  sane  szeel  as  does  Figure  58^»  the  critical 
brizzlaness  poinz,  detemined  both  sj  the  proportion  of  cryszaliinity  in  the 
fraczure  ani  by  zhe  inpacz  duczility  value,  has  a  pronounced  rorirnr  az  zhe 
zenzering  zenpcrazure  of  550^. 

Since  zhe  corrosion  resistance  of  these  steels  also  increases  consider¬ 
ably  after  zenzering  at  tenperaturas  above  oCC®,  they  are  usually  subjected  to 
zenzering  at  65O  to  7CS°,  depending  on  the  properties  required.  As  regards 
zhe  quenching  tesperature,  for  steels  containing  up  to  0.25S  C  950  to  $73° 
nay  be  considered  the  optisun,  and  $75  to  1025°  for  steels  rith  a  higbier  car¬ 
bon  content.  Further  elevation  of  the  quenching  tenperature,  rhiic  not  nahing 
substantial  changes  in  the  cnenical  properties,  leads  to  coarsening  of  the 
grain.  ?.iis  causes  a  levering  of  the  steel  plasticity  and  elevation  of  the 
critical  brittleness  point  after  hi^  tenpering  (?gs.  56^586). 

Since  carbon  lovers  zhe  corrosion  resistance  of  high-chroniun  steels, 
uzilivaZi'jn  of  the  higher  strength  of  steel  rizh  an  increased  carbon  eentenz 
does  not  aivays  prove  possible.  Szeels  of  the  lahl3,  and  especially  zhe  Fhl7 
type,  possess  a  strength  rhich  is  irndequate  for  naay  purposes.  A  cenbina- 
ticn  of  high  strength  and  high  corrosion  resistance  nay  be  achieved  by  other 
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iJechaaical  properties  of  steel  cortaining  0.245^  C 
Cr  versus  tesperisg  terperature  aTter  Ktenching 
irar  various  terperarures.  Queashing  temperature* 

a  -  S50®;  b  -  1050°;  c  -  1150°; 

(1)  j,,  (2)  6^.  ks=/r^^;  (5)  tea- 

perirg  temperature,  °C- 

meaas,  cbieflv  by  decarbarizatioa  and  additional  alloying. 

rbe  first  method  consists  of  sabiectiag  finished  articles  of  stainless 
^.ce.  771  .n  increased  or  mga  carson  content  to  surface  decarburisation.  One 
such  nethoc  nay  be  decarburisation  oy  means  of  coating  applied  to  the  articlf 
(_sr  example,  ci  HgCO-  or  a  nimtare  of  15  to  50^  iron  ore  +  Sp  to  7(^5  Hgo)  s 
2050  to  1100°,  the  length  of  the  holding  time  depending  on  the  carbon  contem 
of  the  steel  .  it  has  alsc  been  proposed^  that  decarbarisation  be  car¬ 

ried  out  by  heating  the  articles  in  vacuo  in  the  presence  of  special  reagent; 
rhe  nechanical  properties  of  the  core  deteriorate  only  sii^tiy  as  a  result 
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Pigare  585-  Ispc-cz  csietiiity  or  steel  cestaisisg  0.24^3  C 
asd  15^  Cr  at  various  test  teateratures  versus  teateriag 
teaterature-  Queucaing  Troa  teateratures  o£z 


950°;  b  -  1050'';  c  -  1150°,  Arbitrary  desig- 


aatioa  of  relative  ccnteat  of  fibrous  coapcnent  iu 
traciures  1C\^;  U—  75;®?  ^0^;  ^2^^; 

0-0^. 


(i)  ig^'ca';  (2)  teaperiag  teaperature,  C. 


of  holding  at  the  decarburizaiion  teaperature.  On  the  other  hand,  the  cor¬ 
rosion  resistance  in  nitric  acid,  regardless  of  the  carbon  content  of  the 
core,  is  practically  the  sane  as  that  of  a  steel  containing  O.C9^  C, 

mother  aore  convenient  ray  consists  of  additional  alic^ng  of  stain¬ 
less  steel  rith  eieaents  siich,  chile  scarcely  inpairing  the  corrosion  re¬ 
sistance,  intensify  its  receptivi^  to  quenching  throagh  increase  in  the  aaount 
of  -he  gaa^a  phase  at  the  heating  tenperature,  or  chich  increase  the  stabil- 
d'iy  tocard  teapering.  xhe  aost  effective  of  these  eieaents  are  nickel  in  an 
anount  up  to  arountt  2.^,  copper,  nitrogen,  and  niobiua. 

2he  introduction  of  nickel  in  as  anount  of  around  2^  transfers 


L-e:  VV  (3) 


U--' 


9 


•■■irure  5"-*  Viluss  of  ariti^e- 

_  C. 

C.24ia  C  aiid  Cr  verstis  straaeriss 
i£r^ara;ure  af=sr  cac-acbis^  froa 
various  ueuparacures- 

(a)  of  deroruauion  (a,.  =  2.5 

k£=/c=^),  °C;  (b)  or  fracture 

{~X.<  c— •-stailiuiiy);  ®C;  (c)  tea- 

.  eriag  teaperature,  °C- 
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ro  xht  group  oi"  hardeaabie  steals  a  steel  coataiaiug  aporosiaateljr  20j»  Cr  and 
0.2  to  0.25>  C,  rhica  does  not  respond  to  cueaching  if  ao  nickel  is  prescat 
ia  it.  la  practice  it  Is  naturally  acre  advaatagsous  in  adding  nickel  to 
produce  a  steel  raick,  ia  addition  to  strength,  possesses  increased 

ckeaical  resistance,  parsicaiarly  to  a  large  xunher  of  nedia.  2he  brand 
Hhl7S2  nay  serve  as  an  eianpie  of  such  steel.  Sinilar  steels  are  enployed 
in  all  countries. 

A  coabiaatioa  cf  even  higher  cnenical  stability,  uhich  in  certain  aedia 
appraxiaates  the  stability  of  austenitic  steel,  ritk  a  capacity  for  consider¬ 
able  strengthening  is  achieved  in  steels  containing  O.Q^  C,  0.4^  Si,  0.^  lln, 
Vi’ti  Cr,  4,2:3  Hi,  and  2.755  ”0  (the  Anerican  nen-standard  steel  A5t-55o)  <>- 
O.C45&  C,  175  Cr,  5.55  Hi.  and  J.55  Cu  (the  Anerican  steel  l?-4ln).  She  struc¬ 
ture  of  the  first  naned  of  these  steels  is  alnost  entirely  austenitic  after 
air  cooling  fron  a  hish  tenperature.  it  is  thus  reconnended  that  for  purposes  of 
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Iz  shcsid  oe  borse  in  slrd,  acrcver,  that  strecgthcnirg  of  ^aese  steels 
is  asccapaaied  by  io^reriag  or  their  corrosion  resistosce  /see  77^» 

is  regards  a  steel  coataiid.ag  1555  Cr,  alloyiiyj  it  additionally  rith 
nickel  increases  the  strength  the  aost  perceatibly  in  the  case  cf  slor  cool¬ 
ing  in  th-'  qnenehing  process.  She  nore  rapid  the  cooling,  ani,  in  pai  tlcnlar, 
the  snailer  the  cross-section  of  the  article,  the  lesser  is  the  effect  of 
strengthening  after  tenpering  caused  by  the  nickel.  At  the  present  tine, 
~ckei  is  introdaeed  into  steel  containing  12  to  lyjo  Cr  apparently  only  in 
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l-'i  ~ura  5S7-  acsiianical  properties  or  steel  costainisc  0.1^  C, 
i5>  Cr,  2.6%  Ki,  iist  0.1^  5b  versus  teupering  tenperature 


alter  cuer-cning  iron  various  teuseraturesi 
(^)  550*^;  (b)  iC50®;  (c)  1150“. 


(1)  ^g/=^;  (2)  £v»  ^£/c=^£  (5)  temper¬ 


ing  tenperatare  “c. 


;  o  the  nost  expedient  to  addlticnaliy  alloy  steel  of  the  IKhlp  type. 


sntca,  in  consecuence  ei  'ts  xos  carson  content,  nassesses  increased  cor¬ 


rosion  resiotanca  and  icpact  ductility  and  lexer  critical  brittleness  point. 


5Ut  a  strength  cnich  is  inadecuate  Tor 


applications.  Hesearsh  by  3.  Ye. 


Soni'’-  denenstrates  that  this  can  be  achieved  by  introduction  into  IKhlp  steel 


of  niobiun  in  the  ancimt  of  about  0.15>,  in  vier  of  the  fact  that  the  latter  in¬ 


creases  the  stability  of  steel  to-ard  tenpering.  Sinuitaneous  alloying  of  sues 


steel  vith  nichel  ridens  the  ganna  region  and  increases  the  hardenability,  and 


provides  additional  corrosion  resistii:ce.  In  conparing  the  properties  of  tae 


steel  containing  0.245  C  and  iySJ  Cr  {?igs.  pSv  and  5S6)  xith  the  properties 
shem  in  figures  5S7  and  588  I3^il  -®-  ^  steel  containing  0.15  Cs  ip>  Cr,  about 


2.65  5i,  and  0.15  5b,  it  nay  be  seen  that  after  higu  tenpering,  fc-r  exanple  at 


550  ,  both  steels  have  praatically  identical  strength  and  plasticity  values 
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lr.<;  c£.ri.cs— I'crziir j  de-.en-s,  is  ccstrasx  to  nickel  lx.s.  sitro^ost  sr.vc 
s  f=rr-ti=in-:  efiect  --j.  the  ^tructare  rf  steel,  both  because  they  isolate  the 


r.richia-  the  b _ to  aass  rith  chrc„iu=,  oad  because  a  part  of  ther. 


- ^  -•  ^  cci' •S'i bti s  wO  coil w2rsc toiou  oi  ^ns 

jaa_a  rejioa.  rhe  carbide-foratsf;  eiereats  should  thus  save  a  dual  ct  ct 


cr.  the  strea^th  ct  sta.tr._esa  atee 


1.  Peirritiaatiois  reduces  the  ha  ieuabilitj. 


or  aesrtvea  tr.e  steel  eatirel"  of  its  susceptibility  to  '^eacaths-  ‘lae  pres— 
_r.c£  o:'  a  large  cuar.tity  or  carbides,  oa  the  other  haad,  as  sell  as  ci  a  cer- 
tatr.  aacur.t  cd  the  alloyiag  eieaeat  ia  the  solution,  strengthens  the  Territic 
aatrir.  C_r.sequeatly,  if  stairiass  steels  are  coapared  in  the  annealed  state. 


IS  touac  ta. 


he  carbide-fomias  eiea.;nts  should  increase  the  strea£;^h 


the  acre  iateasely,  the  closer  is  the  structure  of  the  steel  to  ferritic,  at 
the  steels  are  coapared  after  cucacaiac  and  tenperiac,  on  the  other  haad,  the 
results  should  be  the  opposite,  as  indeed  is  observed  ia  reality  /see  5^^- 
la  additic-a,  there  is  a  great  drop  ia  the  inpact  ductility  in  this  case. 

3ut  if  the  coateats  of  such  elenents  as,  for  ezanple,  colycdeaun  and 
titaaiun  is  ai^  ia  a  high-chroniuc  steel,  then  they  nay  inpart  to  the  latter 
the  capability  of  being  hardened  igr  precipitation  hardening,  either  throu^ 
the  agency  of  the  signa  phase,  uhose  fomation  they  favor,  or  through  netal- 
lic  ccnpcuads.  Shis  effect  is  exerted,  ia  particular,  by  solyodenua,  rhich 
facilitates  the  fomation  of  the  signa  phase  in  steel  vith  26f&  Cr  alloyed  udth 
aichei  (see  Pig.  562). 

Austenitic  steels 

Acid-resistant  austenitic. steels,  including  steel  of  the  IS-S  type, 
are  characterised  by  hi^  plasticity  and  ductility,  ior  proportionality  Unit 
and  yield  p,.inv,  the  hypothetical  cause  of  uhich  aas  set  forth  on  /Sussian/ 
215.  'Tee  ultimate  strength  of  austenitic  steels,  on  the  other  hitss,  .her 
-2-a--”eiy  iitgh  values,  fais  is  a  result  of  their  sigh  aechaaicai  hardea- 
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.nUiier.itis  have  a  varj'  los  pemeabilicy  and  hich  re- 


cn.  ^^.i£  riceas  lae  possible 


sreas  of  their  applicstion  in  soaparx- 


ooa  ritr.  hi ^h-chrcaiua  ferritic-aartensitic  steei;;. 

la  c  'n;#t  as  i^rritic  steeis*  cannot  be  strengthened  by 

conventional  narteaoering.  Bat  the  presence  of  a  certain  aaonns  Oi  aj.pna 
pnase  tn  the  stmctare  leads  to  an  increase  in  the-  yield  point  and  loiierins 
of  the  nlasticity  cf  the  steel  even  if  the  alcha  phase  has  not  been  fomed 
in  accordance  trith  the  aartensite  aschanisa*  Hesrever*  the  strengtnenins 
nethods  rhich  -tre  accanpanied  by  the  appearance  of  the  alpha  phase  in  the 
structure,  to  say  nothing  of  the  fact  that  they  are  not  sufficiently  sffec- 


ttve,  cannot  ce  utixiseo  an  cases 


in  tchich  the  steel  is  employed  as  a  nca- 


narnetic  or  as  a  neat  resistant  steci. 


fhe  nost  connonly  used  nethod  cf  strengthening  austenitic  steel  is 
torh  hardening,  if  the  nature  of  the  article  and  the  nethed  of  its  aanufacturc 
temit  the  use  of  nlastic  defoitiaticn.  ?he  changes  m  the  prhperties  observed 
in  this  1 *eratioa  are  the  consecuenca  cf  tire  processes:  the  responsiveness  ox 
austenite  to  cold  hardening  vhich  is  such  greater  than  that  of  ferrite,  ana 
partial  traasfomation  of  the  fomer  into  cartensite  (for  further  details 
see  -~e  part  played  by  the  latter  factor  is  naturally  the  greater, 

the  less  stable  is  the  austenite-  Hence  an  increase  in  the  content  of  nickel 
in  chroniun-nickei  steel  and  of  sanganese  in  ehroarf un^aanganese-nickel  steel 
veakens  the  effect  cf  their  strengthening  in  plastic  defomation.  Especially 
high  uitinate  strength  values  are  cotained  in  a  steel  con  tallying  only  7^  l*i 
anc  having  austenite  cf  lov  stability,  oith  this  nickel  content,  the  uiti¬ 
nate  strength  cf  cork-hardened  steel  is  substantially  increased  vith  iorering 
of  the  chreniun  content  to  17io,  with  no  appreciable  danage  to  the  plasticity. 
As  has  seen  denonstrated  in  a  nanber  of  studies,  clckei  also  lowers  the 
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c-sicr.i  C.I'  j -r^.-r.^^ner.i:.£  of  sosei  in  Kork  hai'aes.in^  because  recuccs  .he 
n-jcr-.r-isui  hareer.asiliov  of  ihe  auso&r.ise.  Thus,  it  i*i  for  ^his  reason  ^ha^ 

^ cesir^b’*^  lo  nave  ihe  consents  of  nickel  ns  close  ao  7^  2-s  ocssnble  in 
sivel  sub^cciec  ;o  inisnse  s'-icn£;ihe.iin£,  for  esenple,  stee-  indencea  -lOr  .ne 
nnr.ificiure  of  ccrrosicn-resisitnr  springs,  cold-rClied  aircrait  pans,  atc- 
iiuvl  cor.iaining  C.OS  re  0.2:3  C,  16  ro  18^  Cr,  anf  t>  to  Sa  (m  .be  Una, 
sicel  oU’i  or  l?-7}  has  becen  nhe  nost  conncnly  used  nateriil  for  the  manu¬ 
facture  of  such  articles. 

Kitrc..~c-r..  carbon,  ana  manganese.  — hile  increasing  the  stability  oi  aus¬ 


tenite,  at  the  same  time  increase  its  responsiveness  to  cole  hardening,  in¬ 
crease  in  the  stabii_ty  of  the  austenite  by  nitrogen  may  be  seen  from  Jigare 
or  ^G27  from  the  change  in  magnetic  saturation.  It  is  to  be  seen  from  tre 
illustration  that  tae  nitrogen  intensifies  the  mechanical  hardenability  oi 
the  austenite.  In  fact,  the  curves  reflecting  the  growth  of  ultimate  strengtn 
rith  degree  of  reduction  run  parallel  for  18-8  steel  rith  no  nitrogen  and 
rith  O.lo^  nitrogen.  Since  the  magnetic  saturation  of  the  latter  steel  scarce¬ 
ly  changes  at  a  reduction  up  to  60  to  7055,  i.  e.,  no  martensite  is  formed, 
then  if  the  nitrogen  rere  not  to  increase  the  mechanical  hardenability,  there 
should  be  a  smaller  increase  in  the  ultimate  strength  than  in  steel  contain¬ 
ing  no  nitrogen. 

The  mechanical  hardenability  of  austenitic  steel  of  the  lS-6  type,  as 
may  be  seen  from  Figure  590  /see  8857*  is  increased  even  sore  greatly  by  dis¬ 
solved  carbon  than  by  nitrogen.  In  steels  with  a  hi^er  carbon  content,  the 
plasticity  is  also  higher  than  in  ior-caruon  steel.  This,  apparently,  should 
be  attributed  tc  the  smaller  quantity  of  the  martensite  formed.  Thus,  it  is 
found  more  advantageous .in  practice  to  use  steels  which  may  be  more  i ntenseiy 
hardenec  by  cold  work  in  view  of  their  increased  carbon  content,  despite  tee 
fact  that  their  austenite  is  more  stable. 

The  relative  effect  of  the  carbon  bound  in  carbides  and  dissolved  in 
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on  al^isn^e  s^rencrl-  nr.a  najmetic  saz- 
nra^ion  o-  In-c  sseei  no  niirooes 

and  ■sith  O.loU  nitraic-an: 

1  -  3„  Tor  15-6  steal;  2  -  for  13-5 
a  O 

Steel  +  3-16^  S;  ^  -  3^  for  iS-3  steel 
-  0.1S%  K. 

la)  sasnstic  saturation  3g»  gauss, 

(b)  degree  cf  reduction,  5^  (c) 

_  *  3 

5cg/= 


stenite  cn  the  strcnjtnening  of  steel  in  sork  harceaing  is  not  yet  saffia- 
ntiy  clear-  It  is  kno-an  that  elevation  of  the  teaperature  of  the  preliain- 
y  harcen,n£  of  IS-o  steel,  »hich  leads  to  cosplete  solution  of  the  carbides 


■tuces  its  hardness  value  aptsa  co.d  uorking.  Since  the  carbides  cannot  af- 
ct  the  nechanical  hardenability  of  the  austenite,  this  phcnonenon  could  be 
piained  by  the  fact  that  the  stabilaty  of  the  austenite  is  Icsered  trhen 
ee  carbides,  rhich  inpoverish  the  basic  nass  in  chroniun,  are  present.  Eos 
ever,  increase  in  nagnetic  inductivity,  and  consequent  losering  of  the  stabii 
y  of  the  austenite  uncer  the  influence  of  sork  hardening  sith  elevation  of 
e  preliciaary  cuanching  tenperature,  has  been  observed  sith  Ehl52I%G9  steel 
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..'.v  ct::;  c;rs::::ihonir."  ci'i'ecc  ir  ci)’.z--cTz:<iC  c’.e^l  a:>r.sren-ly 

-_  :  c.r.1./  iruservec,  even  intensified  in  n  nnnier  cf  cnses  in  consequence 

c;  ti.etr  ccnninuticn  uton  nlnstic  cef orv 2.ticn«  ?husj  it  is  to  be  seen  mon 
ctn-sriitr.  *,f  Fi -_rc-  551,  3.  nnc  b  /Soc/,  that  the  difference  in  the  yield 
ttint  vil'jes  rhich  enicted  in  the  annealed  state  in  steels  iiQii5S55  sns. 

— i5  -I'-* r. -^5 h— £*2rsn^^ii  vsixiGs  xs 
~cre  co^•  .cd* 

c'i.,sic6~£LblG  lnc2rsc.£0  2.21  ucchs^iiciil  h22rd62i2il>i.2.i.  •y  o£*  ^.us^GSiits 
cc.u^5d  J2V  is  H&c^iGXc^s  s^csi«  Hsu— 

janese  aloe  contribates  to  the  stren^thenins  of  cr.roninn-nansanese-nickei 
steel  by  ccrk  a_rdcnins.  Since  carbon  affects  the  nechanical  hardenability 
ci  the  austenite  in  the  sane  direction,  the  yield  point  in  the  steel  Khl5ii'='55 
(IIIC-D),  vrhich  contains  O.ip  to  0.3C5*  C,  is  increased  by  rork  hardening  to 
the  sane  c-ztent  as  in  the  steel  lZhl2S9  (?i5-  5$l3-)»  althsagh  its  austenite 
is  stabler-  At  the  sane  tine,  the  Khi3S4G9  steel  has  a  nuca  hi^er  ultinate 
strength,  ar-parentiy  because  of  the  hi^  value  of  the  latter  even  in  the  in¬ 
itial  state  {?ig.  35I0).  This  nay  also  be  explained  by  the  high  nechanicai 
hardenabiiity  of  this  steel  trhes  loaded  beyond  the  yield  point.  Apparently, 
because  cf  the  predoninance  of  the  role  of  rork  hardening  over  that  of  nar- 
tensitic  transfematien,  £1100  chrcniun-nasgaaese-aickci  steel  strengthened 
by  colc-rcrking  has  a  higher  plasticity  than  chroniun-nickel  steels 
even  though  the  ultisiatfe  strength  values  are  the  sane  in  both  cases. 

In  chroniun-nanganese-nickel  steel  rith  a  hi^er  chroniua  content  and 
lover  carbon  content  thsa  in  the  £1100  brand  the  nechanical  hardenabaiity  of 
the  austenite  is  increased  by  nitrogen.  As  nay  be  seen  fron  Figure  552  /b?^, 
the  nitrogen-containing  Anerican  steel  17-4-6  cr  the  2Q1  (steel  1  in  Table 
102)  is  strengthened  to  the  sane  extent  as  the  chroniun-nickel  2?-?,  vhiie 
Inving  t  higher  plasticity  than  the  latter.  On  the  other  hand  austenite  in 


steel  201  is  stabler  tasn  in  the  17-7  brand  as  this  is  evidenced  by  the  change 
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-ure  552.*  Effect  c;  pi£.s^ic  deforsazion  ca  the  uit 
strength  ssd  yield  point  of  aasteaitic  steeiss 
2.  -  12hiSK5;  b  -  lEhl8H52;  c  -  EhijS^GJ; 

(1)  6.^  and  k£/=^ ;  (2)  degree  of  re¬ 

duction,  5S. 


in  pemeability  of  herb  steels  upon  rork  bardeuing,  as  illustrated  in  Figure 


3925. 

Due  to  the  fact  that  the  strengthening  of  austenitic  steel  upon  defer- 
nation  is  also  caused  by  partial  transfemation  of  the  austenite  into  aarten- 
arte,  the  tenperature  at  ubicb  the  defomation  takes  place  has  great  effect 
on  the  extent  of  strengthening.  Heating  of  steel,  during  its  cefomation,  to 
£0-1CC-200''  has  the  effect  of  reducing  the  strengthening,  since  in  this  case 
the  latter  is  detemined  only  by  uork  hardening.  Conversely,  defomation  at 
lor  tenperat'iras  greatly  intensifies  the  effect  of  strengthening,  since  the 
latter  is  caused  not  only  by.  cold  uo:^ng,  bat  aisv  by  the  feraatien  of  nar- 
tensite  /.SS^ .  ISn.. ,  an  ultinate  strength  value  of  60  kg/m^  uas  obtained  in 


tne  case  of  craning  at  20® 


*  and  140  kg/na^  in  the  c-  ss  of  craning  at  -169®, 
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r.ut-tr  clisr*  ccj.-c-^r.ir.j  -wCj  .ncn  Cy  i.&  v?  it.i  Cr*  mid 

2;^  ii.  c.,  I'fe  17-7  ^he  ex'cr.;  of  rccuc^ior.  'ueir.^  10;^  /SOs/*  la  £cs- 

-.ri_,  .-.irc-vt",  ihe  i=z.j.er„i^rs.  rr.icr.  p_£s^ic  cefjrcatios  yields  the  great- 
ttrer.jtser.ir.g  ciTect  a^jpesas  oa  the  position  of  the  tuiirtensitic  polat. 
---a-ititr.-_r  ir  --ase  in  str-Sy^th  is  obtained  upon  the  subseeueat  tenper- 
---i  -r  rsri-hard-.  .=1.  It.  particuiaT,  in  the  study  cited  ^08/.  teaper- 

tr.“  at  4L0  oz'  rit  _  jjecte.  to  craring  at  -150**  sith  a  2055  reduction  in- 

p 

cr-=,„s6a  tr.e  ultinate  strength  to  200  kg/au  .  2his  effect  is  apparently  the 

of  precipitatiori  Larcening  by  the  carbides,  facilitated  sy  preiiainary 
coza  rork,  chile  the  reverse  alpha-to-ganaa  transfcmation  had  not  yet  ter- 
ntnatec.  „pri„gs  nade  of  tenpered  rire  can  perfom  service  for  a  lengthy 
perica  at  tenperatures  up  to  5C0''. 
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afreet  ot  piastre  uefemation  on  the  nechanicnl 
(*)  ant  pemeabiii^  (b)  of  chrcniun-nanganece- 
nickel  steel  containing  nitrogen  (201,  Sable  102}  in  con- 
parison  rith  the  chroni'us-nickel  steel  17-7. 

(1)  and  5^,  kg/=n“;  (2)  pemeability  js  , 

gaass/cersted,  at  H  =  200  oersteds;  (5)  degree 
of  reduction,  ^  ' 

igaiy  important  a.dvantage  of  rork  hardening  at  low  tenperatures  lies 
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i.rvc-s  if  rii-ciicn  ai  r.sc  zss.ctu.--tz.  Crin^  zo  thii  fi-ci,  as  ns"  be 
_v-'  fr-=.  rigure  >55  -'=-  5 -eel  lS-6,  t  higher  plisiicicy  ™y  be  io- 

U.Z  zr.s  zzz-s  uirir^re  siren,  ih  vslns.  S7  ssiecii;;g  a  hegree  cf  recaa- 
iior.  so  as  ic  u.SiUrs  ihai  ihe  values  cf  the  yield  pcint  and  elongation  be  the 
saas,  sus.'.  as  5C  hc/aa~  and  20>i  respectively  (see  jlr.  555) »  or.e  can  achieve 
hi  “her  s-r«:n£:rh  valu  .  az  lotr  defor:i&cior  tenpcravare* 

SwUtiids  sho^r  a  .^bstazicial  d^icrcase  is  the  scrcn^juii  or  aiictos— 

itic  steel,  es.-sciaiiy  its  yield  point,  ray  be  achieved  by  internal,  phase 
haraeninr  af  the  austenite  in  the  process  of  direct  and  reverse  nartensitic 
iraasfaraation.  It  is  to  be  sees  fres  Figure  55^  /7o9/  that  in  a  steel  con¬ 
taining  0-0;tl  C,  5-7i>  Cr,  and  15.75$  Hi,  uater  quenched  fres  lltX)°,  after  the 

o  * 

first  cycle,  rhich  censistsd  of  chilling  of  ssecinens  frc=:  75S  to  -155  l-iti 
liquid  nitrogen},  reheating  to  750°  for  >0  ntnutes,  and  rater  cooling  to  20°, 


tae  yteac  point  tras  increasec  nore 


trofeld,  but  the  ultinate  strength  to 


a  nuch  les-er  estent.  Subsequent  cycles  produce  but  a  slight  effect.  Harden¬ 
ing  in  this  case,  too,  is  aecenpanied  by  lorering  of  the  inpact  ductility 
(Figure  55^} »  but  the  value  of  the  latter  still  renal  ns  very  high.  Such  a 
nethod  of  hardening  nay  be  of  practical  interest  for  certain  parts  in  cases 
uhcre  ertsmal  cold  uerhing  is  inpracticabie  because  it  involves  changes  in 
the  dinensions  and  share  of  the  rart. 


In  adcition  to  rorh  hardening,  stre 


ling  of  austenitic  steel  nay  be 


achieved  by  acditional  alloying*.  !rhc  elenents  isttrsucsd  in  this  case  nay 


aiicct  tne  neesa 


properties  cf  the  steel  either  directly,  by  entering  the 


solid  solution,  or  indirectly,  by  foming  phases  capable,  is  rarticcler,  of 


causing  the  effect  of  precipi  tation  hardening. 


“It  shculd  be  noted  trjat  boffcercnent  rith  neutrons  also  increases  the  strength 
of  steel  of  the  18-S  type  and  others. 


•a--  -A'  (5) 


J_  S>--- 


■  I'-r.  -i.'.  ‘i:*  srrv*  z.r.  of  eie-er.t  ar.ich  screr-iTihens  st3sl 

- - -  -j'.-s  -y  .ir-.i-e  -f  i-£  solution  i::  vhe  austenitic  antris.  It  nay 

in  fro:  >75  -i-at  the  relative  yield  point  ^ q^o 

-a  increa_ec  ty  -  faster  of  acre  than  1.3  -her.  nitrogen  is  introduced 
!-  anount  o;'  0.0“  tc  C-ll>»  vi.;' tro^jen  scarcely  affects  the  ether  sechanical 
rtlet  tf  Ic-c  steel),  rhi_*  further  increase  in  the  nitrogen  content  has 
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Figura  555-  £ffect  of  plastic  defemation  at  ior  tenpera- 
tures  on  the  nechar»icai  nronerties  of  lS-8  steel.  Holl- 
ir.g  at  20®  (a),  -7e®(b),  and  -i56°(c). 

(i)  and  kg/na^;  (2)  50  Tczl^^i  (5)  cegroc 
of  reduction,  S- 

practically  no  effect.  Hence  a  nitrogen  content  of  O.iO  to  0.12^  nay  oc  con¬ 
sidered  the  optinan  fren  the  standpoint  of  strengthening,  “he  effect  of 
nitrogen  in  raising  the  yield  point  is  also  nanifested  in  steel  rith  a  con- 
plete  austenitic-ferritic  structure,  in  chich  the  initial  values  of  this  char 
acteristio  are  correspondingly  higher. 

The  sane  ez'fect  is  cserted  by  nitrogen  dissolved  in  austenite  usen  the 
yield  point  of  chrcniun-nanganese-ru.ckei  steel,  as  nay  be  seen  fren  the  fcl- 
loning  ezanpie  ^02/j 
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l^.yc  2  0*ii 


in  - _ af^oc-s  s-i"£n£jwa  oi  s^sfii  c*  J.3—S 

type  i;.  -;.i  sc _ fi  c.i.rcc.i».a  aa  cc.cs  aic'oreTi.  Horever,  carbon  conzri slices  nuch 

acre  i.-t-circccly  cc  cii=  scresjehenisr  of  she  steel,  being  present  in  the  latter 
in  tne  fom  cf  carbtees-  fhis  fcilsrs  froz  the  eianple  given  ir  figure  p9o 
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figure  >S4-  2ffect  of  repeated  cycles 
of  direct  and  reverse  nartensitic 
transfomation  on  the  nechenical  prop¬ 
erties  of  austenitic  steel  containing 
O.Cy-o  C,  5.75  Cr,  and.  15.75^  5i  and 
quenched  fron  1100°.  « 

(a)  flT  and  df. ,  hg/=t  ; 

(0)  a,^.  kgn/cn  ;  (c)  nunber 

of  cycles. 
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figure  555»  affect  of  nitrogen  in 
solid  sclation  on  the  yield 
point  of  18-8  steel. 
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li.gure  55«-  hffect  of  carbon  on  the 
prctorticnality  linit  of  steel  con¬ 
taining  17.4  to  15.1$  Cr  and  S.i  to 
6.6$  Sill  -  quenching  800°; 

2  -  cuenching  fren  300'' i 
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figure  557-  affect  cf  c-uanching  ten- 
perature  on  proportionality  linit 
and  yield  uoint  of  steel  containing 
0.45$  C,  17.553  Cr,  8.153  2hi,  ana 
5.853  Si.  5 

(a)  and  5  ,  kg/sn  ;  (b) 

w  s 

cuenching  tenperature,  '*0. 


-_k  w  , 


-i  -ucr.  r.-j'-r  is  cc-nseaKr-.'.ci  of  -  o:iciir.o  oi  -or.uiosoi'.co  ..a. 

o  .  _ ^  c^-oiius-:;ar.f;aiiese-nicj:cl 

ir*-o  •  iiie  vi— «  —•  v.— w— .«•—  u 

-•.col,  -0  :;a."  ss  csrcn  frci.  Jljurc  557  /^S5/ • 

.-•-c  da-.o  of  ;5o  53?  refer  oo  the  case  of  cuer.chir-s  oi'  steel 

.,-  .-.  _  --  -  -j-  -—  ->■>  c  -v-r.  s^sol  is  cuenchtc  iron 

_ ,:--a-ety  a- -er  — >  j—  — e  o.„e_  .b,  - —  w-,.  -  . 

_  tsatera.'ore  hi  'her  than  the  line  of  solubility  of  tae  caror. ; 'or  oarbtces  aaa 
'.hen  teroerec,  tr.e  t'ariatiaa  arves  of  hsrdaess  and  teastee  sireagta  becoae 
.yoical  of  the  process  cf  .orscipitatioa  aardeaias.  Preiisiaary  =ork  hardeaiae, 
as  alvuijS,  acceleratas  the  .process.  ?hus,  one  can  obtatn  very  atgh  streas-s 
va-oes  by  ccrbiaiag  cold  uorh  rith  arecialtatioa  harccaias* 

cisad.-aatase  of  asia£  steel  of  the  lB-»  type  cy  hardeaias 
precipita-.lua  of  chrealLa:  carbides  is  faat  the  latter  precipitate  prsdoaiaaat- 
ly  alosj;  the  £raia  bcuadaries.  Phis,  ia  additica  to  iateasifyiae  latercrystal- 
liae  carrosica,  also  leads  to  a  sharp  drop  aa  plasticity  aad  especially 
pact  cuctility.  Preciaitatioa  of  carbides  rithia  tae  graias,  especially  ti 
it  is  crieatec,  also  leads  to  ioreriag  of  tae  lapact  ductility,  aitacUuh 
ices  act  cause  iatercrystaliiae  corrosion. 

If  a  vicorous  carbide-foraiag  eleueat  is  introduced  into  steel  of  the 
lc-5  type  coataiaias  aa  increased  eaouat  of  carbon,  strenctheains  nay  occur 
oriny  to  the  caroides  of  this  eicaent.  Sable  109  ^9§/  illustrates  the  ef¬ 
fect  of  alloying  steel  of  the  16-5  type  rith  titaaiua  on  the  aechanicsi  prop¬ 
erties  sf  the  foraer.  In  steel  containing  0.16^  C  aad  0.23io  Si,  titaniun 
binds  G-Qb>  C-  and  G.i  to  0-125  C  renains  in  chroniun  carbides-  Horever, 

this  steel  has  nu-jh  higher  proportionality  linit  (and  yield  point)  valueo  than 
litaai-un-free  steel  containing  C-lSn  C,  after  Kienchiag  fron  $00°  (see  llg. 
yje).  This  can  be  ascribed  only  to  the  aceiticnal  streagthecing  of  the  steel 
ciiused  by  titaniun  carbides.  It  is  for  this  reason  that  steels  containing 
v-e»  and  O.JS  Pi  have  very  ~sd  prc-pcrtioaality  linit  and  yield  point  values 
after  cueschiag  ''ren 
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iias  ss&Zi  fiS-£.bii.£iied  i,:;  a  susbe.  of  sbucfes  of  iacTsao— 

*-  --rea^a  of  sceci  o;  lae  16—8  typs  by  precipitation  aardeniaii 

-ue  zc  ^he  cr.eaical  coapcur.cs  forced  by  such  addizicnal  alloying  eisnsr.ts  as 
•*-®  iisounc  of  2  CO  555),  berylliun,  boron  &n  the  cncuat  of  0.3  co 
-i-Jsy,  one  alucinun-  Hosever,  screnatLenia:.  due  to  the  first  three,  especially 
—oron,  iS  acconpanie.  zy  a  substantial  loserisg  of  the  corrosion 
rectslaace-  Corrosion  resistance  is  retuced  least  of  all  by  alunisun  asd  a 
coabisatton  of  titanian  and  ainninna  in  relatively  snail  cuantities. 

See  research  of  structurally-hardening  corrosios-recistant  steels  based 
on  chroniun  and  nickel  is  actually  focused  cn  the  utilisation  of  these  elements. 
1  precipitation  hardening  steel  (steel  1?  or  322)  containing  on  the  average 
C-07i.  C,  0.3^  lin,  0-55=.  bi,  IJH  Cr,  5i,  0.?^  T±  and  0.2S  11  has  been  ?re- 
tosec  in  tne  BSi  £30^.  In  this  steel  the  strengthening  phase  is  soluble  in 

-e  and  dii^icuity  soiucie  an  the  alpha  pha-e,  in  consequence  ’rhereaf  the 
fciiect  of  precipitation  hardening  is  the  greater,  the  larger  the  quantity  of 
-nc  alpna  pnaso  in  tne  structure  of  the  steel.  She  average  chciical  conposi- 
— steel  IS  accnrdingly  established  in  such  a  ray  as  to  assure  a  par- 
— ai  deaonposition  oi  austenite  into  the  alpha  phase  upon  air  cooling  fron  the 
quenching  tenperature-  Titaniun  and  aluninun  rind  a  large  prepertien  of  the 
-a--cn  anw  ni-ragcn  contained  m  the  steel,  teas  facilitating  deconposition 
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:  ur.ir.  ccoii;.;  :r:_  s-er-ohir.,.;  icr jerature,  *hile  ar.  es- 

vi'  fcz.is  ;'^r— -  -r-=  slr'Cr.jiacrir.j;  paase. 

L  - . '.iao.'fc-',  oarer  oaeels  rare  ■arooc'Sed  ar.ere  in  irhich  sarengahenins 
a -r.  arecioianaior.  narsaenar.^  is  acr.io'.'ca  orir.  ■  .a  ahe  phases  iemed  by  aiun- 
r—a  -r  beryl lisan  /pyV~  lolioring  _=  ahe  ivorace  conposiaion  of 

r.c-ac  aae£_s:  C-Q?l.  C,  i?-Cif  Cr,  7,^  :^i,  nnd  1.1-i  hi  v£-eei  ll-lFsl);  less  ahan 
.V?,.  C,  i5a=  Cr,  10:^  Si,  yU  -a,  Ho,  2$  Cn,  O-ipiS  3e  (steel  V23). 

H-araorer,  aae  natrix  cenpositien  of  the  second  steel,  espccaaliy  tne 
or.a-ar.a  of  noly sierras.,  silicon,  and  copper,  nay  vary  rithia  certain  Units, 
ependinj;  on  the  purpose  of  the  steel;  for  eianple:  (1)  5«5>  Si,  4^  Ho,  (2) 
o-;i  Si,  5r=  Ho,  5-5;«  Cu.  (5)  5.555  Si,  5.5>  Ho,  5>  On.  Conparison  of  the  prop- 
rales  c-staaned  after  precipitation  hardening  in  steels  17-??H  and  522 

”5^57,  ns  shorn  in  Table  110,  reveals  that  the  fomer  possesses  higher  values 
f  necnan.cal  characteristics  plus  a  higpier  plasticity  than  steel  522,  and  tais 
enders  it  the  one  to  be  preferred, 

After  high-tenperature  treatnent  1  (Table  IIC),  the  steels  have  an  aas— 
eni tic- ferritic  structure  and  can  be  nachined  by  cutting  and  respond  to  csld 
•working  tith  relative  ease,  aharing  cooling  fren  7C0  to  750^  (treatsest  2), 
austonite  decenposcs  at  a  tenperature  belox  150°  and  the  structure  of  the 
teds  consists  of  sartensite,  ferrite,  and  residual  austenite.  The  latter 
aiy  be  deesnposed  ay  chilling  the  steel  to  -S0°.  Tenpering  rith  the  nin  of 
-chieving  the  precipitation  hardening  effect  uust  ensue  no  later  than  an  hour 
..fter  treatnent  2.  After  tenpering  at  the  highest  of  the  tenperatures  indi- 
ated  in  Table  110,  the  nechanical  characteristics  obtained  are  lorer,  but 
he  plasticity  and  corrosion  resistance  are  higher.  The  steels  cay  also  be 
asily  uelded,  being  sabiected  to  precipitation  hardening  after  tne  uclding. 

-he  steels  retain  their  hi^  tensile  strength  in  service  up  to  tenperatures 
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ecipiwatior. 
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iiteel  costainir-b  17^  Cr,  ?5  5i, 

and  1-1$  Al 

(steel 

-7-7  ?H)  is  the  fom  of  sheets  and  strips^ 

i.ssealir.g  at  1065” 

2S.1 

91-4 

50 

55 

1  cusscsing 
frcs  750*^  (holding  for  90 
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respsrisb  -or  1  hour  at 
•?ou 

140.6 
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45 
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Coid  sorkisg  -i-  tesper- 
isg  for  1  hour  at  480® 

165.7 

175.3 
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49 
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Steel  coaiainisg  1/5  Cr,  ?5  Si 
Ai  (steel  522)  is  the  fcrs  of 

,  0.7£  2i  and  0.2^ 
sheets  and  strips^ 

Assealisg  at  1000  to 

-*^30  52.5-30,5 

S4.0-105.0  . 

1. 

•f 

22-28 

Ireatsest  1  4-  cueachisg 

fros  70c  49.0-77,0 

0  —  riM-i  ■  ri  M  1*  1  ■■ 

84.0-105.0 
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25-29 

^  »€speyxsg 

for  30  ais.  at  510®  94.5-122.5 

IO8.5-I29.5 
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55-41 

rreaVaeat  2  ♦  tesaeriag 

ior  ^iC  5i;'».  at  540®  87.5—115*5 

101.5-122.5 

a 

-34-40 

Sreataest  2  +  testerisg 

for  50  ria-  at  565®  77*0-87-5 

94.5-II9.O 

0 

5i-57 

i)  la.  ibin  sheets  and  ■ 

0.73  -o  7»5  **"*  thdc 
shsa  i-5  n=,  75.  i; 
aver  iZ,3  Es,  i«5. 


.re  tsiraer  ssaa  i.y^  ra,  the  O.^  is  over  210  kg/sa^. 

^7ith  a  thickness  of  no  to  0.75  =t  ^  gre-te" 

roiled  stock  c?  to  12.5  =a  ia  diesetcr,  S  =  105;" 


^__-kas0Ii^  0?  SrilKLSSS  iE3  iCID-HSSISEaKS  SrSSLS 
siv=  rs£  Aiii  0?  i^SOriKG  S££IH  TiCEHOLOGICiL  ShOPsaSIsa 

Starsiess  a=c  acid-resistsat  steels,  being  higk-alioy  steels,  possess 

•°'“*-^a-C£ical  properties.  Certain  of  the  properties  car-  be  sarkedlv 


>y/v  (5) 


258 


ga-c; 


_  ci.rc~.ur;-:;io.-:el  5-aels,  -he  s£ce  cle-eT-Zs  are  zo  thes  as  aie 

Ir.zroz-cvc.  :'ar  z:.is  ps-rac^e  ±r.zo  conveaaional  structural  steel-,  i.e.,  sultar, 

sele _ _  u-.osphtms,  lead,  hisr:.i..L;  rost  frequently  —  the  first  taro.  S?he 

Xr-i-T  “free-outtirr"  stainless  steel  containing  0.2  to  0.4^  S,  used  in  cur 
country,  nay  serve  »s  an  esarnlc-  In  certain  countries  ~  Sngland  and  the 
-  a  conbinnticn  of  sulfur  anc  seleniun  is  added  to  the  steel  in  order  to 
in.-rsve  the  nachinability  by  cutting-  In  the  USA  these  elenents  are  intre- 
sucea  nst  only  Into  i3-?ercei:t  chreniun  steel  rhich  is  subjected  to  cuenebing 
and  tansering,  but  also  into  16-11  percent  seni -ferritic  chrenitut  steel.  In 
order  to  reduce  the  red  brittleness,  -rhich  is  due  to  the  increased  suifUr  .ntd 
seleniun  content,  frequently  up  to  O.ojS  noiybdenun  or  zirconiun  is  addition¬ 
ally  introduced  irto  the  steel.  She  corrosion  resistance  of  stainless  steel, 
as  has  been  denonstrnted  in  particular  by  our  research  (in  collaboration  rith 
n-  Ye-  Sonin)  is  scarcely  inpairad  at  all  under  the  influence  of  an  adnixtore 
of  sulfur  or  seleniun.  5he  overvoltage  of  the  reduction  reaction  on  the  sul¬ 
fides  and  on  the  solid  solution  in  stainless  steel,  apparently,  is  rcu^iiy 


inprsvenent  of  the  deforuability  in  the  hot  state  presents  a  serious 
proslen  for  nany  acid-resistant  (and  heat-resistant)  austenitic  steels. 

Associated  -iih  this  is  sot  only  a  higher  cutout  of  useful  netal,  cut  also  the 
possibility  of  using  larger  ingots,  the  application  of  extrusion  in  place  of 
pressing  for  the  nanafacture  of  pipes,  and  the  like,  yor  certain  steels  such 
as  those  alloyed  rith  a  large  ancunt  c-f  noiybdenun  and  copper,  their  very  use 
ns  defomabie  steels,  and  not  nerely  as  cast  cnes,  depends  thereon. 

2ha  defomabiiity  in  the  hot  state,  especially  during  tbs  first  reduc¬ 
tions,  depends,  as  re  hner,  not  only  on  the  conpssiticn  of  the  steel,  bat  also 
to  a  large  extent  on  the  quality  of  the  ingot;  on  pri nary  crystaliisaticn  and 

-c:  A'  (5)  139 


-ne  "Cde  or  !  chiefly  os  zhe  method  and  condicions  of  deoxidation); 

tne  uor.tity,  ahc.pe,  tna  vocation  of  the  non-netaliic  phases;  and,  consequent- 
ly,  on  cht  ir.purities  contained  in  the  steel  /see  SS8  et  al^.  In  particular, 
aeitinr  in  i;reatly  inproves  the  defomaoility,  basically  because  of  the 

snarp  drop  in  the  quantity  of  ncn-netaliic  phases  and  their  sise  ^ee  S5^« 
-.-loyir.c  eiener.ts  can  indirectly  affect  these  factors  as  trell,  for  exaaple, 
oy  cnansir.g  the  position  of  ‘  s  solidus  line  and  the  interval  between  the 
rtcuiaus  arc  solidus  in  rhich  fomation  of  the  pria:ary  structure  Lakes  place 
an  the  process  of  sclidification.  She  elements  foraing  highly  stable  carbides 
and  netall ic  conpounds,  rhich  are  frequently  contained  in  large  quantity  in 
stainless  (especially  heat-resistant)  austenitic  steels,  say  ispair  the  de- 


;orca5ij.ity  because  of  these  brittle  phases,  especially  if  they  are  located 
precosinastly  along  ihe  grain  boundaries.  ?he  heat-resistance  itself  of  aus¬ 
tenitic  stsels  also  renders  their  hot  deforsation  difficult  and  necessitates 
heat'  2g  to  higher  tesperatiores. 

■alloying  to  a  large  extent  detersines  another  hi^Jly  isportant  factor 
ahich  affects  the  capability  of  austenitic  steel  to  defom:  this  is  the  quan¬ 
tity  of  the  alpha  phase  contained  in  this  steel  at  the  deforsation  tenpera- 
lura.  It  has  been  found  in  practice  that  uitb  a  content  of  the  alphas  phase 
in  an  asount  corresponding  to  a  grade  hi^er  than  5^,  i.e.,  greater  than  about 


25li,  the  steel  possesses  a  leu  plasticity  and  does  n->t  lend  itself  readily  te 
forging,  roiling,  extrusion,  cold  drawing,  stsreing,  etc.  According  to  the 
observations  of  S.  S-  Alferova  /SS^,  the  cracks  feming  upon  hot  defomation 


grade  O.p. 
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e  /p^ara  ooua- 


"  ”j*  P”2ierer;Cc  aloa^  ihe  ir.slaslons  01  ihe  alaha  ahase  or  iho  car— 


-r.e  quar.my  of  ihe  aipaa  phase  depends  on  ihe  coaposivion  of  the  steel, 
-.le  -eapc-ratartf ,  and  the  tiae  cf  heating.  It  is  to  he  seen  iron  the  cross 
section  sacrn  in  Wgsire  $65  of  the  ?e-iii-Cr-C  structural  diafiraa  for  18%  Cr 
and  S;3  ill,  mat  men  eqnr.iibriuti  is  attained,  i.e.,  in  case  of  fairly  long 
r.cicing  or  very  slor  heating,  the  Icr-tenperature  (secondary)  alpha  phase  rust 
caange  into  the  gama  phase  at  t-enperatares  above  the  GSK  line.  iShen  the  line 
“i~  reacr.ee  me  nign-tenperatare  (prinary)  delta  (alpha)-phase  should  ap- 


-“S  cn^ntitY  of  the  latter  1:111  increase  trith  farther  ri 
atare  to  tne  solidus  line  and  i-ith  leJsthen>.ng  of  the  holdin.^  t: 


se  of  terper- 


in  cnanging  tne  position  of  the  'corresponding  lines  on  the  structural 
diagran,  the  ferritining  elenents  centaiaud  in  steel  contribute  to  the  growth 
o.  „s  aipna  phase,  j-nd  catse  me  tenperiituru  region  of  its  stability  to  triden. 
S..C..  alenents  inc-unc  enromun  zt.jelf  rhen  contained  in  an  anoont  exceeding 
10  -o  17i>  (see  Pig.  555)*  as  rell  as  titaniun,  nolybdenun,  silicon,  olunirats, 
niobiua.  and  others,  tjaahtitativcly  the  elesents  eacse>ated  have  a  varying 
efiect,  hut  tbs  r!a;jcriiT  of  then  produee  a  greater  influence  than  cironiua. 
titaniun,  aoiyhdenun,  silicon,  and.  niobiua  have  the  greatest  effect. 

If  the  slenonts  of  this  group  sirultcnecsuily  fora  stable  carbides',  then 
they  proaoic  the  growth  of  alpha  (deita)-phase  not  only  in  consecuence  of 
t-neir  solution  in  the  aatrix,  but  also  because  in  binding  the  carbon  in  in¬ 
soluble  carbides  they  extract  a  nortion  or  it  frox  the  solid  solution.  Con¬ 
sequently,  if  at  the  heatiag  ter^erature  the  carbides  ara  transferred  to  the 
solution,  the  presence  of  carbon  in  the  latter  will  wea~en  the  forritiaing 
ci-es,  o.  me  dicsoived  eleuent  Itself.  -^.parentiy  iUiy  explain  tne  v.aty 

snail  quantity  of  the  alpha  phase  fomed  at  lljO°  in  18-8  steel  with  a  tritC 
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r^-.ic  j.pT.r£»:i:.cteij'  c  (7„bie  111  /5dv7},  since  the  jrea-.or  p;'.ri  o:'  uitnn- 
i-in  cnriiices  passes  inso  the  solic  solution  £t  ilpO^i  as  nay  be  seen  fi'oc 
•lyure  57S.  ?;ith  n  ■ri:C  ratio  greater  than  6,  the  alpha  phase  displays  an 
in-eraittent  ."otth  (aabl..  Ill)  ^d  subsecuently  its  cu:intity  rises  sharply. 
Hence,  rhen  steel  is  allcyec  trith  titaniun  Tor  the  purpose  of  increasing  its 
resistance  to  intercrystaliine  corrosion,  it  should  net  be  introduced  in  an 
aaount  greater  than  that  rec'red  for  binding  carbon  and  nitrogen. 

?able  111. 

ntent  cf  ^.Iphs.  (3elta)-?*iace  an  pteei  Containing  Appronisuttely  0.1^  C,  16p 
r,  S..  hi  and  Sitaniun  After  Holcing  for  2  Hours  at  ilpO  and  Quenching 

in  "eater 


content,  ^ 


0.S9 

1  c.ei 

0.73 

0.75 

0.<9 

5.9 

7.3 

7.5 

7.5 

0.5 

1  8.0  1 

1  11.0 

!  i3.S 

19.0 

T5/C 

=f3)-Fc.  % 


Shis  principle  also  applies  to  niobiun,  i.e.,  the  latter  should  not  be 
introduced  into  steel  in  an  amount  greater  than  that  needed  to  elininate  in¬ 
tercrystalline  corrosion,  rhere  are  contradictory  data  in  the  literatvxe  rel¬ 
ative  to  the  effect  of  niobiun  on  the  quantity  cf  the  alpha  phase  at  high 
temperatures.  According  to  some  studies  /S8^,  the  quanity  of  the  alpha  phase 
as  approzinately  the  sane  in  steel  of  the  18-8  type  containing  niobixtm  sni 
tatanaun  at  tcnparat'Ui-es  of  1200  to  i550°»  In  other  studies  /56^»  on  the 
other  hand,  it  has  "seen  found  that  in  15-8  steel  even  then  the  Kb:C  ratio  is 
greater  than  15  only  about  5-311  =1  the-  alpha  phase  is  femed  aft.r  4  hours  of 
— — 5  -355  ,  rnale  at  12C0  at  -as  practically  absent.  2hese  divergences 

are  apparently  -due  to  a  varying  content  of  ot'aer  elements,  such  as  nitrogen, 

— —  ®  anvestagated  steels  and  to  faaaure  to  tehe  other  factors  into  account. 

-  va^n  approAamately  the  same  quanta ty  of  the  alpha  phase,  niobium  cau^&es  a 
much  greater  drop  in  the  plastici^  of  steel  at  11 50  to  1250°  than  does  titan- 
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rrif.h  ;e=Lers;ure3  of  12?0  z~  iJOO^  ir.  the  outer  ar.d  cer.tral  zor.os  of 
.:'.'.l=!rv  ct-jt-stvcl  in cots  fro=  cifferer.t  heats,  it  also  foilors  fros  Figure 
-„w<  that  anc«r  certain  conditions,  partacaiarly  in  case  c '  snort-tern  nca.t.n{> 
and  aaall  initial  content  cf  the  alnha  nhase,  the  ^antaty  oi  tne  aa-».cr  nay 
still  oe  semissihle  even  at  15QC®,  although  ingots  of  iahi8K9?  steel  are  nor- 
naily  n-t  heated  abevs  125G°- ' 170®.  Seeping  close  to  the  loser  tenperature 


recouaencea  /ol^- 
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Teucipas^,  •C 


Figure  393«  torsion  angle  (prior  to  fail— 
nrel  at  high  tenperatures  in  austenit¬ 
ic  steelsi 

a  -  21402  (containing  niobiun),  grade 
1.0  according  to  the  alpha-phase  scale; 
b  -  sane,  grade  l.pJ  c  -  sane,  grade 
5.0;  d  -  iahlSS55  steel,  grade  0  ac¬ 
cording  to  the  alpha  phase  scale; 
e  -  sane,  grade  5-0. 


seduction  of  the  alpha  phase  ouantity  ^  neass  cf  alloying  can  be  ac¬ 
hieved  by  several  netheds.  One  sethod  consists  of  increasing  the  nanganese 
content,  its  quantity  in  chroninn-nickei  austenitic  steels  usually  being  abaut 
2jJ  for  this  purpose,  in  increased  nitrogen  content  produces  a  susstantiail  ef¬ 
fect.  In  steels  sith  the  indicated  proportion  of  sangasese  and  nitrogen,  the 
quantity  of  the  alpha  phase  is  nost  frequently  regulated  by  adjusting  the  con¬ 
tents  of  nix:kel.  Tisis,  rhen  the  steel  is  additionally  alloyed  uith  feritiz- 
ing  eienents  —  nclybdenun,  niobiun,  titaniun,  silicon,  etc.,—  the  ancunt  of 
nickel  is  increased  accordingly.  In  nelting  steel  •'f  the  sane  brand,  it  is 
nore  advantageous,  for  the  purpose  of  saving  nickel,  to  reduce  the  quantity 
of  the  alpha  phase  by  lowering  the  content  of  chrosiua  to  the  loner  linit 
fer  the  brand  in  question.  ?iesrs  rere  expressed  in  the  Soviet  and  foreign 
literature  to  the  effect  that  it  is  sufficient  to  assure  a  definite  CriSi 
ratio  in  steel  in  order  to  obtain  stable  austenite.  Hovever,  this  criterion 
cannot  be  eor.sidc-rcd  reil-grcnnded,  because  of  the  cenplex  interatonic  inter- 
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action  cr  sickel  and  cbrosi  a  in  steel «  as  ■sas  discussed  on  n.  39»  parti— 

-  cular^  it  foilous  Troa  the  diagraa  in  figure  555  test  uhen  the  contests  o£ 
chrcaius  surpasses  the  16—17^  level,  the  CriHi  ratio  necessary  to  prevent  tse 
iomation  or  alpha-phase  begins  to  decline  (froa  spproxinately  2.2  at  Cr 
to  apprari natelj  1.25  at  5Q5»  Cr),  i.e.,  the  required  relative  ouantitv  of 
nickel  bscones  even  greater.  Production  and  experinental  data  confim  the 
fact  /sec  31^  that  for  the  sane  CrzSi  ratio,  the  quantity  of  alpha  phase  in¬ 
creases  uith  rising  chreniun  content. 

Basically  the  sane  ccthods  are  enployed  to  achieve  stabilisation  of  aus¬ 
tenite  and  reduction  of  the  alpha-phase  quantity  at  the  tesperatiure  of  hot 
defomaticn  in  chrcniuz-nsncanese-nickel  acid-resistant  steel.  In  steel 
Ihl3l4C9,  rhich  is  sost  videly  used  in  the  Soviet  Uzdon,  this  is  ensured  ^ 
a  loc  chresiun  and  higaer  (O.lp  to  0.5Cf»)  carhsn  contests,  i.  steel  containing 
C-06  to  o.lC^  C,  io  to  17-5^  Cr,  3«5  3ii»  7  to  S%  Sis,  and  0.12  to  0.1^ 

S  has  recently  been  proposed  in  the  USi  as  a  steel  uhich  is  stable  tovard 
delta  (alpha}-phase  fomation.  According  to  the  data  of  the  authors  t 

such  a  ssnpasiticn  ensures  a  fully  austenitic  structure  at  a  heating  tenper- 
ature  no  hi£^er  than  1225°  even  in  cast  steel,  in  xhich  a  greater  ancunt  of 
nickel  and  nitrogen  is  required  for  austenite  stabilisation  than  in  rolled 
steel,  aith  respect  to  corrosion  resistance,  such  steel  is  approxi aately 
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0.5  t  2  4  6  0J5  t  Z 

-^npaDoJ'-'f^msjimocKa  eu3ep)i»ii,  «sj» 


^Sure  400-  Qaansizy  of  alpha  phase  in  cast  liChl61«9?  steel 
versus  hoicia£  tine  at  1250  and  ijOO**: 

s  -  heat  A,  ed^e  o-  ingot;  b  -  sene,  core  of  ingot; 
c  -  heat  2,  edge  of  ingot;  d  -  sane  core  of  ingot; 

(i)  cuant’ty  of  aloha  shase,  iS;  (2)  holding  tine, 
hours;  (5)  at  1250®;  (4)  at  1300®. 


It  is  interesting  to  note  that,  in  the  opinion  of  the  najsrity  of  Soviet 
— d  foreign  researchers  ^ec  ?90,  81^,  an  increased  ancant  of  the  alpha  phase 


has  a  positive  effect  on  another  very  inportant  technological  proper'll  re¬ 
duction  of  the  tendency  torard  fomation  of  hot  cracks  curing- velding.  Yet, 
the  role  of  this  factor  is  denied  in  a  nanber  of  studies  /see  Si^.  Seace, 
elenents  contributing  to  alpha  phase  fomation  are  introduced  into  xelded 
Joints  of  austenitic  steels.  ?he  nore  so,  since  the  resistance  of  a  joint 
to  intercrystalline  corrosion  is  increased  in  the  event  of  a  diphase  ganaa 
T  alpha  structure,  as  uas  pointed  out  earlier. 

A  highly  effective  nethod  of  inproving  the  defomabiiity  of  corrosion- 
resistant  steels  in  the  hot  state  consists  in  intrccucing  additions  of  rare- 
c~sh  cicnents,  especially  of  ceriun  and  Isnthanus,  or  their  oxides  /see  792, 
?95i  659,  ct^.  PoverfUi  deoxidizers  such  as  a  caiciun-bariun  alloy,  calciun- 


silicon,  etc.,  are  introduced  at  the  ssne  tins  in  the  latter 


case,  me  nature 


of  the  positive  effect  ci  the  rare-earth  jicnents  has  not  yet  been  Silly 
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(s-eei  5  ia  2&blc  1C5).  2his  brand  =as  iomeriy  used,  ia  the  USa  only  as  a 
cast  steel,  since  attanpts  to  subject  it  to  forging  or  rolling  rere  unsuccess¬ 
ful  ^ee  5o^. 

Substantial  inprovenant  in  the  saiieabiiity  of  acid-resistnat  steel  al- 
ioyed  ritb  noiybdenan  and  copper,  due  to  the  destruction  of  the  zone  of  acicu- 
crystals  ia  the  ingot,  and  carbide  and  oxide-sulfide  licuation,  has  been 
observed  /6l6/  upon  the  introduction  of  0.2  to  0.8  Ca.  i.  positive  effect  in 
-espect  is  also  exerted  by  other  elenents,  rhich  perfem  the  function  of 
agents.  Sinaliv,  netting  in  vacuo  produces  a  great  effect,  as  'uas 
pointed  cut  eartier.  A  coasination  of  several  netLods  nay  prove  advantageous 
in  a  nunber  of  cases. 
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